The effects of gestation diet and uterine environment on offspring development and swine production efficiency by Hines, Elizabeth A
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2018
The effects of gestation diet and uterine
environment on offspring development and swine
production efficiency
Elizabeth A. Hines
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, and the Animal Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Hines, Elizabeth A., "The effects of gestation diet and uterine environment on offspring development and swine production efficiency"
(2018). Graduate Theses and Dissertations. 17203.
https://lib.dr.iastate.edu/etd/17203
 
 
The effects of gestation diet and uterine environment on offspring development and 
swine production efficiency 
 
by 
 
Elizabeth A. Hines 
 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
 
Major: Animal Science 
 
 
Program of Study Committee: 
Jason W. Ross, Major Professor 
John F. Patience 
Lance H. Baumgard 
Nicholas K. Gabler 
Jared Niemi 
 
 
 
 
The student author, whose presentation of the scholarship herein was approved by the 
program of study committee, is solely responsible for the content of this dissertation. The 
Graduate College will ensure this dissertation is globally accessible and will not permit 
alterations after a degree is conferred. 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2018 
 
 
Copyright © Elizabeth A. Hines, 2018. All rights reserved. 
ii 
DEDICATION 
This dissertation is dedicated to the pig. An animal that has made me everything I 
am today by providing me with mentors, colleagues, and challengers who taught me 
persistence, integrity, and guts. 
 
 
 
iii 
TABLE OF CONTENTS 
Page 
LIST OF FIGURES ........................................................................................................... vi  
LIST OF TABLES ............................................................................................................ vii  
NOMENCLATURE .......................................................................................................... ix  
ACKNOWLEDGMENTS ................................................................................................. xi 
ABSTRACT ...................................................................................................................... xii 
CHAPTER 1. INTRODUCTION ....................................................................................... 1 
References ..................................................................................................................... 4  
CHAPTER 2. LITERATURE REVIEW ............................................................................ 7  
Reproduction ................................................................................................................. 7 
The estrous cycle ...................................................................................................... 7 
Fertilization and recognition of pregnancy .............................................................. 9 
Embryo elongation ................................................................................................... 9  
Window of uterine receptivity ................................................................................ 12 
Attachment ............................................................................................................. 13 
Nutrition and Gestation ............................................................................................... 15  
Changing maternal metabolism .............................................................................. 15 
Nutrient transport to offspring ................................................................................ 16 
Protein .................................................................................................................... 18  
Amino acid requirements ....................................................................................... 20 
Arginine .................................................................................................................. 22 
Maternal Influence on Porcine Fetal Development and Growth Performance ........... 28 
Prenatal influence on postnatal growth .................................................................. 29 
Summary ...................................................................................................................... 30  
References ................................................................................................................... 32  
CHAPTER 3. THE IMPACT OF DIETARY SUPPLEMENTATION OF 
ARGININE DURING GESTATION IN A COMMERCIAL SWINE HERD I: 
GILT REPRODUCTIVE PERFORMANCE ................................................................... 44 
Abstract ........................................................................................................................ 45 
Introduction ................................................................................................................. 46  
Materials and Methods ................................................................................................ 46  
Animals and experimental design .......................................................................... 46 
Diet management .................................................................................................... 47 
Farrowing and litter data collection ........................................................................ 48 
Wean-to-estrus interval and longevity evaluation .................................................. 49 
Statistical analysis .................................................................................................. 49 
  
iv 
Results ......................................................................................................................... 50 
Litter size was not influenced by Arg supplementation ......................................... 50 
Sow retention rate was not affected by maternal dietary supplementation of 
Arg during gilt gestation......................................................................................... 51 
Subsequent gilt reproductive performance was not enhanced by Arg 
supplementation...................................................................................................... 51  
Discussion .................................................................................................................... 51  
References ................................................................................................................... 55  
CHAPTER 4.    THE IMPACT OF DIETARY SUPPLEMENTATION OF 
ARGININE DURING GESTATION IN A COMMERCIAL HERD: II. 
OFFSPRING PERFORMANCE ...................................................................................... 67 
Abstract ........................................................................................................................ 68 
Introduction ................................................................................................................. 69  
Materials and Methods ................................................................................................ 70  
Animals and experimental design .......................................................................... 70 
Collection of pre-wean performance data .............................................................. 71 
Post-wean performance and mortality .................................................................... 71 
Statistical analysis .................................................................................................. 72 
Results ......................................................................................................................... 73 
Pre-wean growth performance improved with supplementation of Arg during 
late stages of gestation ............................................................................................ 73 
Post-wean growth performance was not affected by maternal diet treatment ....... 74 
Supplementation of Arg during gestation did not improve carcass 
characteristics of offspring ..................................................................................... 74 
Offspring mortality rate was not improved by maternal dietary 
supplementation of Arg .......................................................................................... 74 
Discussion .................................................................................................................... 75  
References ................................................................................................................... 78  
CHAPTER 5. CHARACTERIZING THE EFFECTS OF FIRST PARITY LITTER 
SIZE AND BIRTH WEIGHT ON PIGLET PERFORMANCE THROUGH 
MARKETING................................................................................................................... 90  
Abstract ........................................................................................................................ 91 
Introduction ................................................................................................................. 92  
Materials and Methods ................................................................................................ 93  
Animals and experimental design .......................................................................... 93 
Farrowing and litter data collection ........................................................................ 93 
Post-wean performance and mortality .................................................................... 94 
Statistical analysis .................................................................................................. 95 
Results ......................................................................................................................... 95 
Birth weight is moderately correlated to growth performance ............................... 95 
Small pigs perform similarly regardless of litter size............................................. 96 
Pre-wean growth performance was influenced by BWC and LSC ........................ 96 
Post-wean performance was influenced by BWC, but not LSC or the 
interaction ............................................................................................................... 97 
Mortality rate was increased in SM-kg and Hi-TB LSC pigs ................................ 97 
v 
Carcass characteristics were affected by BWC, but not LSC ................................ 98 
Discussion .................................................................................................................... 98  
References ................................................................................................................. 103  
CHAPTER 6. THE IMPACT OF MATERNAL SUPPLEMENTATION OF 
ARGININE DURING GESTATION ON OFFSPRING DEVELOPMENT ................. 117 
Abstract ...................................................................................................................... 118 
Introduction ............................................................................................................... 119  
Materials and Methods .............................................................................................. 121  
Animals use statement .......................................................................................... 121 
Experiment 1: Effect of supplemental Arg on litter characteristics, placental 
and endometrial gene expression at d 44 of gestation .......................................... 122 
RNA extraction and transcript analysis .......................................................... 122 
Experiment 2: Influence supplemental Arg during gestation on muscle 
characteristics of neonatal offspring ..................................................................... 123 
Whole muscle histology and immunohistochemistry ..................................... 123 
Comparison of growth performance of piglets and the relationship to 
muscle fiber characteristics of similar pigs at birth ........................................ 124 
Statistical analysis ................................................................................................ 125 
Results ....................................................................................................................... 125 
Maternal supplementation of Arg to d 44 of gestation did not affect litter 
characteristics ....................................................................................................... 125 
Uterine weight, but not length, correlates to number of viable fetal pigs at d 
44 of gestation ...................................................................................................... 126  
Transcript abundance in endometrial and placental tissues was not influenced 
by maternal supplementation of Arg to d 44 of gestation .................................... 126 
Vital organ and ST muscle fiber characteristics were not improved with 
supplementation of Arg ........................................................................................ 127 
Muscle fiber characteristics were weakly related to wean weight and post-
wean growth characteristics of matched pigs ....................................................... 127 
Discussion .................................................................................................................. 128  
Acknowledgements ................................................................................................... 132 
References ................................................................................................................. 132  
CHAPTER 7. SUMMARY AND CONCLUSIONS ...................................................... 149 
Future Implications .................................................................................................... 155  
References ................................................................................................................. 156  
vi 
 LIST OF FIGURES 
Page 
 
Figure 1.1 Estimated national pig production statistics, USDA, February 2018 .................2 
 
Figure 2.1. Morphological stages of early conceptus development between  
d 10 to 12 of pregnancy .....................................................................................................11 
 
Figure 2.2. Schema of placenta and uterine wall in pigs, showing layer apposition  
and an areola ......................................................................................................................18 
 
Figure 2.3. Arginine metabolism in mammals...................................................................26 
 
Figure 3.1. Percentage of litters produced by sows receiving 1% supplemental Arg  
during P0 gestation in each of the total born (TB) classifications .....................................64 
 
Figure 3.2. Effect of litter size on average birth weight of offspring from sows  
receiving 1% supplemental Arg during P0 gestation .........................................................65 
 
Figure 3.3. Retention rate of sows receiving 1% supplemental Arg during P0  
gestation over three parities of commercial production .....................................................65 
 
Figure 3.4. Reproductive performance of sows that received 1% supplemental Arg  
during P0 gestation through three parities  ........................................................................66 
 
Figure 5.1. Effect of birth weight (g) on average daily gain (g/d) to 100 kg in  
body weight ......................................................................................................................107 
 
Figure 5.2. Effect of birth weight classification (BWC) on mortality .............................111 
 
Figure 5.3. Effect of litter size classification (LSC) on mortality ...................................114 
 
Figure 6.1. Number of viable fetuses observed at d 44 of gestation in P0 sows  
supplemented with 1% Arg from d 15 to 44 of gestation ................................................140 
 
Figure 6.2. Endometrial gene expression at d 44 of gestation in P0 sows  
supplemented with 1% Arg from d 15 to 44 of gestation ................................................143 
 
Figure 6.3. Placental gene expression at d 44 of gestation in P0 sows  
supplemented with 1% Arg from d 15 to 44 of gestation ................................................144 
 
Figure 6.4. Muscle fiber characteristics of neonatal offspring from sows  
supplemented with 1% Arg during P0 gestation..............................................................146 
 
 
vii 
LIST OF TABLES 
Page 
 
Table 2.1. Ideal ratios of amino acids to lysine for maintenance, protein, accretion,  
milk synthesis, and body tissue ..........................................................................................20 
 
Table 2.2. Essential, non-essential, and conditionally essential amino acids ....................21 
 
Table 2.3. Dietary amino acid requirements of first parity gestating sows .......................23 
 
Table 2.4. Overview of publications utilizing Arg supplementation during  
gestation to improve reproductive performance in pigs ....................................................27 
 
Table 3.1. Composition of gestation diets (as fed) ............................................................60 
 
Table 3.2. Assayed and determined diet component analysis ...........................................61 
 
Table 3.3. Composition of lactation diet ............................................................................62 
 
Table 3.4. Effect of maternal supplementation of 1% Arg on first parity litter  
performance .......................................................................................................................63 
 
Table 4.1. Number of pigs for each parameter of growth measured .................................82 
 
Table 4.2. Effect of maternal dietary supplementation with 1% Arg and timing  
during gestation on offspring growth .................................................................................83 
 
Table 4.3. Contrasts of maternal dietary supplementation with 1% Arg prior to d 45 of  
gestation on offspring growth performance .......................................................................84 
 
Table 4.4. Contrasts of maternal dietary supplementation with 1% Arg after d 85 of  
gestation on offspring growth performance .......................................................................85 
 
Table 4.5. Effect of maternal dietary supplementation with 1% Arg and timing of  
supplementation on offspring carcass characteristics ........................................................86 
 
Table 4.6. Effect of maternal dietary supplementation with 1% Arg and timing of  
supplementation on offspring mortality .............................................................................87 
 
Table 4.7. Contrasts of maternal dietary supplementation with 1% Arg prior to d 45 of  
gestation on mortality rates of offspring, birth through finishing ......................................88 
 
Table 4.8. Contrasts of maternal dietary supplementation with 1% Arg after d 85 of  
gestation on mortality rates of offspring, birth through finishing ......................................89 
 
viii 
 
Table 5.1. Number of pigs, for each parameter of growth measured, classified by  
birth weight and litter size.  ..............................................................................................108 
 
Table 5.2. Influence of birth weight classification on performance of pigs born to P0 
 sows.................................................................................................................................109 
 
Table 5.3. Influence of litter size classification on performance of pigs born to P0 
 sows.................................................................................................................................112 
 
Table 5.4. Interactions of birth weight and litter size on performance of pigs born  
to P0 sows ........................................................................................................................115 
 
Table 6.1. Primer and probe sequences used for real-time RT-PCR analysis of d 44  
endometrial and placental tissues.....................................................................................138 
 
Table 6.2. Characterization of sow reproductive performance at d 44 of gestation 
 after supplementation with 1% Arg ................................................................................139 
 
Table 6.3. Individual fetus and placental characteristics within litters from P0 sows  
at d 44 of gestation after supplementation with 1% Arg .................................................141 
 
Table 6.4. Correlation of uterine environment to fetal survival rate and viable litter  
size at d 44 of gestation ....................................................................................................142 
 
Table 6.5. Size and weight of d1 neonatal offspring and vital organs from litters 
 exposed to maternal supplementation with 1% Arg during gestation ............................145 
 
Table 6.6. Correlation of muscle fiber characteristics of d1 neonatal offspring to  
weight and carcass characteristics of matched growing pigs...........................................147 
 
Table 6.7. Correlation of muscle fiber characteristics of d1 neonatal offspring to  
growth performance of matched pigs ..............................................................................148 
ix 
NOMENCLATURE 
AA Amino acid 
ADG Average daily gain 
Av-TB Average litter size by total born (12-16) 
ANGPT2 Angiopoietin 2 
Arg Arginine, nutrient amino acid for physiology 
BA Born alive 
BiWt Birth weight 
BWC Birth weight classification 
CEAA Conditionally essential amino acid 
CH Corpus hemorrhagicum 
CL Corpus luteum 
CP Crude protein 
d Day(s) 
DAPI 4’,6-diamidino-2-phenylindole 
DNA Deoxyribonucleic acid 
DYS Dystrophin 
E2 Estrogen 
EAA Essential amino acid 
Early-Arg Arginine supplementation from d 15-45 of gestation 
ECM Extra cellular matrix 
EGF Epidermal growth factor 
ESR1 Estrogen receptor 1 
FGF7 Fibroblast growth factor 7 
FIN Finishing, phase of production from 30 kg to 100 kg 
FSH Follicle stimulating hormone 
Full-Arg Arginine supplementation from d 15 of gestation to farrowing 
GE Glandular epithelium 
GnRH Gonadotrophin releasing hormone 
H Hour(s) 
HCW Hot carcass weight 
Hi-TB High litter size by total born (≥ 17) 
HPGx Hypothalamic pituitary gonadal axis 
IGF2 Insulin-like growth factor 2 
x 
IHC Immunohistochemistry 
IUGR Intra-uterine growth restriction 
L-Arg Arginine, base, L-isomer nutritional amino acid, provided as synthetic 
Late-Arg Arginine supplementation from d 85 of gestation to farrowing 
LE Luminal Epithelium (Uterine) 
LG-kg Large birth weight pigs, ≥ 1.65 kg 
LH Luteinizing hormone 
Lo-TB Low litter size by total born (≤ 11) 
LSC Litter size classification 
MD-kg Medium birth weight pigs, 1.06 to 1.64 kg 
MM Mummified 
MRF Maternal recognition factor 
mRNA Messenger RNA 
mTORC1 Mechanistic target of rapamycin complex 1 
N Nitrogen 
NEAA Non-essential amino acid 
NO Nitric oxide 
NOS3 Nitric oxide synthase 3 
ODC Ornithine decarboxylase 
P Parity 
P0 Gilt gestation, prior to farrow 
P4 Progesterone 
PCR Polymerase chain reaction 
PG Prostaglandin 
PGR Progesterone receptor 
PW Pre-wean 
PWM Pre-wean mortality 
RNA Ribonucleic acid 
SB Stillborn 
SGA Small for gestational age 
SM-kg Small birth weight pigs, ≤ 1.05 kg 
SPP1 Secreted phosphoprotein 1 (aka osteopontin) 
TB Total born 
VEGF Vascular endothelial growth factor 
WEI Wean-to-estrus interval 
WW Wean weight 
xi 
ACKNOWLEDGMENTS 
I would like to thank my committee chair, Jason Ross, and my committee members, 
John Patience, Lance Baumgard, Nick Gabler, Brian Kerr, and Jared Niemi, for their 
guidance and support through this journey. I would also like to thank my supervisors at 
Iowa Select Farms, Noel Williams and Ben Haberl, for giving me this opportunity and their 
continued support.  
So many people have contributed to my studies and my career to this point. I would 
like to individually recognize just a few people who repeatedly dedicated their time to my 
projects: Malavika Adur, Ben Hale, Jake Seibert, Matt Romoser, Porsha Thomas, Wei 
Wang, Yunsheng Li, Katie Bidne, and Mackenzie Dickson, working and studying with all 
of you has been my greatest pleasure. Especially to Adrianne Kaiser-Vry and Hannah 
Spaulding for specializing in officemate moral support. I would also like to recognize Zoe 
Kiefer, Logan Hassebock, Alyssa Cornelison, and Jon Gardner, working with all of you on 
farm was a pleasure and I hope you learned as much from me as I learned from each of 
you. Additionally, the countless farm technicians and production support staff who helped 
care for pigs on my projects, this work literally could not have been done without you. 
Thank you all.  
I would also like to recognize Dr. Crystal Groesbeck and Dr. Jim Diamond for the 
pivotal role they have played in my life journey. Your enthusiasm for agriculture is 
infectious and your support opened more doors for me than I ever thought possible.  
Last, but not least, thank you to my family, my friends, and especially Dana. You 
keep me grounded. More importantly, you remind me to have fun and relax. Thank you for 
being my support and adding some adventure to my story.  
xii 
ABSTRACT 
Production capacity in the swine industry has increased over the past 60 years 
through improved sow longevity, increased litter sizes, and increased offspring growth rate. 
However, these improvements to efficiency are associated with decreased birth weight and 
increased total mortality. Currently, increased litter size in commercial production is 
estimated to place 10 to 30% of all offspring at risk of intra-uterine growth restriction 
(IUGR) during gestation. Consequently, offspring that experience IUGR exhibit hindered 
growth, reduced survivability, and decreased carcass quality; leading to compromised 
system efficiency.  
Growth restriction phenomena can be observed across species and is commonly 
due to reduced nutrient availability to the offspring during gestation. In pig production, 
dietary protein and energy requirements for the sow during gestation are based on dated 
work with less prolific sows. While total protein quantity during gestation has been 
observed to influence birth weight, appropriate balance of amino acids (AA) within the diet 
is known to impose a greater benefit to nutritional efficiency in the pig. Arginine (Arg) has 
been implicated as beneficial to litter size, placental and fetal muscle development, and 
birth weight. Due to these benefits, Arg is suggested to be a possible solution for gestating 
offspring at risk of IUGR. These benefits, however, remain unclear under commercial 
production conditions. Therefore, the objectives of this dissertation are to evaluate the 
effect of Arg supplementation during gestation on gilt reproductive performance and 
offspring performance in a commercial swine production system. Additionally, litter 
characteristics were analyzed to understand the role of litter size and birth weight on post-
weaning pig performance within commercial data. Finally, two experiments were 
xiii 
conducted to evaluate the effects of Arg supplementation during gestation on uterine and 
fetal tissues prior at d 44 of gestation and on piglet characteristics at birth.  
The results obtained from investigating these objectives found that supplementation 
with 1% synthetic L-Arg offered limited benefits to reproductive performance, offspring 
growth, or fetal development under commercial conditions. Gestational supplementation 
of Arg in the current work reduced variation in birth weight across litters of varying sizes 
(P < 0.01), and tended to improve pre-wean offspring growth performance with gestational 
supplementation of Arg during late gestation (P = 0.06). However, because Arg 
supplementation did not affect birth weight (P > 0.10), lasting effects were not observed in 
offspring growth to 100 kg. Analysis of the impact of litter characteristics on post-weaning 
growth performance found that birth weight (P ≤ 0.05) was more influential than litter size 
(P > 0.10) on growth performance to 100 kg, independent of maternal gestation diet. 
Further, fetal, placental, and endometrial tissue development was not influenced by Arg 
supplementation during gestation (P > 0.10).  
These data combined suggest that maternal supplementation of Arg during 
gestation does not provide a physiological benefit to offspring in commercial production. 
Influence of maternal supplementation of Arg during late gestation may be limited to 
mammary tissue and lactation, as benefits observed in pre-wean pig growth performance 
did not persist in post-weaning growth. Overall, this work suggests increased litter sizes 
and increased pre-wean growth do not necessarily impact performance to market. 
However, more research is needed to improve knowledge on the nutritional needs of the 
developing litter, to continue improving production efficiency of highly prolific sows of 
modern pig production.  
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CHAPTER 1.    INTRODUCTION 
Over the course of the past 60 years, pig production has capitalized on improvements 
to reproductive performance through genetic selection. As a result of this pursuit, the U.S. 
swine herd has increased by 3.6% in sows farrowed and 7% in pigs weaned over the past 8 
years (USDA, 2018; Fig. 1.1A & B). The primary explanation for such a large increase in pig 
production is due to improved ability of the sow to produce larger litters, currently estimated 
to be 13.7 total born per litter (Stalder, 2016). However, a rise in total mortality reported by 
the USDA (2018) is reducing efficiency gained from improved litter sizes (Fig. 1.1C) and 
likely contributing to the minimal growth in the number of weaned pigs that will reliably make 
a full value hog (3.3%, Fig. 1.1D). Increased litter size may be contributing to increased 
incidences of intra-uterine growth restriction (IUGR) and a hindered ability of the developing 
fetus to obtain adequate nutrition in utero, leading to possibly hindered postnatal performance 
and reduced system efficiency.  
Strategies to improve the efficiency of the sow and the lifetime performance of 
marketable offspring should consider the effect of the prenatal environment on herd 
performance. Increases in litter size have been linked to decreases in birth weights, a likely 
result of IUGR (Muns et al., 2016). Birth weight has been observed to decrease in recent years, 
concomitant with increasing number of pigs born per litter, as reviewed by Kraeling and Webel 
(2015). Low birth weights are also associated with an increased incidence of mortality 
(Tuchscherer et al., 2000; Beaulieu et al., 2010; Putz et al., 2015). Currently, increased litter 
sizes in commercial production are assumed to have a great number of offspring that are at risk 
of IUGR, estimated to be 10 to 30% of offspring produced (Amdi et al., 2013).  
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Figure 1.1. Estimated national pig production statistics, USDA, February 2018. As reported 
by the National Agriculture Statistics Service. A. Number of reported farrows, in total sows farrowed, from 2010 to 2016 
has increased 3.6%. B. Estimated number of pigs weaned per farrowing, reported total pigs weaned per reported farrows 
each year, has increased 7% from 2010 to 2016. C. Reported total death loss has increased 19% from 2010 to 2016.  D. 
Estimated number of hogs slaughtered per farrowing, reported total hogs slaughtered per reported farrows each year, has 
increased 3.3% from 2010 to 2016. 
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3 
Consequently, offspring affected by IUGR exhibit hindered growth, reduced survivability and 
decreased carcass quality later in life; collectively a scenario that compromises overall system 
efficiency.  
While this issue is multifaceted, one area of interest is utilizing maternal nutrition to 
influence production. Success has been observed in improving offspring birth weight with 
supplementation to maternal nutrition during gestation, specifically through changes to 
maternal dietary vitamin and mineral content, (Amundson et al., 2016; Zhou et al., 2016), 
energy (Paredes et al., 2014; Liu et al., 2016), fat (Tanghe et al., 2014), or protein (Rehfeldt et 
al., 2011). More specifically, the effect of individual amino acid (AA) supplementation has 
been under increasing investigation as it relates to mitigating IUGR (Samuel et al., 2012; 
Dallanora et al., 2017). Arginine (Arg) in particular has been implicated as beneficial to litter 
size (Mateo et al., 2007), placental development (Li et al., 2010; Redel et al., 2015), offspring 
muscle development (Bérard and Bee, 2010), and birth weight (Gao et al., 2012). In 
combination with these results and knowledge of the functional role that Arg plays in 
reproductively important metabolic processes, pursuing Arg supplementation during gestation 
seems logical, and has been suggested as a possible solution for IUGR induced embryonic 
mortality and low birth weights (Foxcroft et al., 2009; Oksbjerg et al., 2013). This dissertation 
contains a review of reproduction and maternal nutrition as factors that influence sow and 
offspring productivity, followed by four research chapters investigating the influence of Arg 
supplementation and litter characteristics as observed under commercial production conditions 
and as related to swine production efficiency.  
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CHAPTER 2.    LITERATURE REVIEW 
Reproduction 
The estrous cycle 
Reproduction in mammals is controlled by the interactive expression of hormones and 
proteins that regulate communication between the hypothalamus, pituitary, and gonads. The 
female pig reaches puberty between approximately 150 to 220 d of age (Soede et al., 2011), 
following rapid lean growth and initial stages of adipose deposition. Puberty manifests 
physiologically as the first sign of behavioral estrus, an indication of an ovulatory cohort of 
follicles whose synthesis and release of estrogen (E2) can alter behavior and sexual receptivity 
to the boar. Activating the hypothalamic pituitary gonadal axis (HPGx) is largely achieved by 
the induction of gonadotropin releasing hormone (GnRH) secretion from the pre-optic area 
and arcuate nucleus of the hypothalamus (Wheaton et al., 1975; Naik, 1976). Shortly after 
weaning in the sow, secretion of neuropeptides regulate the process of functionally activating 
the HPGx through binding receptors in the hypothalamus and controlling the pulsatile secretion 
of GnRH (Seminara and Crowley, 2008). Once secretion of GnRH has begun, synthesis and 
secretion of follicle stimulating hormone (FSH) and luteinizing hormone (LH) are initiated 
from the gonadotrophs of the anterior pituitary. These hormones act on the granulosa and theca 
cells of the tertiary follicles on the ovary, resulting in a cooperative effort in E2 synthesis and 
release (Camous et al., 1985).  
In the female pig, the 21 d estrous cycle can be separated into two phases, follicular 
and luteal, based on the presence of ovarian tissue types that predominantly control hormonal 
signaling through E2 or progesterone (P4) secretion, respectively. These two phases can be 
further split into shorter specific phases, resulting in four distinct stages; proestrus and estrus 
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(follicular phase), and metestrus and diestrus (luteal phase). Estrus begins with the onset of 
behavior that allows mating with the boar, shortly followed by ovulation. This is traditionally 
considered d 0 of the 21 d estrous cycle and lasts approximately 48 to 72 h. Ovulation occurs 
when E2, specifically estradiol-17β, peaks via positive feedback on the hypothalamus. This 
positive feedback results in a GnRH surge release and a subsequent LH surge from the 
pituitary. The LH surge initiates the breakdown of the follicle wall consisting of theca and 
granulosa cells, that in part leads to the expulsion of the oocyte. The end of the follicular phase 
is evident when the female pig is no longer sexually receptive to the boar; this also marks the 
beginning of metestrus. During metestrus (approximately d 2 to 4 of the estrous cycle), the 
collapsed follicle, referred to as a corpus hemorrhagicum (CH), is being converted to a corpus 
luteum (CL) as the granulosa and thecal cells undergo luteinization. During diestrus (d 5 to 17 
of the estrous cycle), the functioning CL continues development providing P4 synthesis and 
secretion, an essential component of priming communication to the uterus in preparation for 
pregnancy (Psychoyos, 1973). The diestrus phase persists through the window of conceptus 
apposition and attachment (around d 12 to 15 in pigs), at which time the presence of 
conceptuses and secretory products can prolong the life of the CL and enable pregnancy to 
persist. A lack of viable embryos and maternal recognition factors (MRF) result in the action 
of prostaglandin F2α upon the CL, causing regression and reducing secretion of P4. The loss 
of P4 feedback on the hypothalamus and pituitary, enables the pulsatile release of FSH and 
LH, stimulating the development of a new follicular crop around d 17 to 20 (the proestrus 
phase) on the estrous cycle. Many of the recruited follicles undergo atresia, while a subset will 
continue to grow and produce increasing quantities of E2; stimulating positive feedback and 
resulting in the onset of estrus behavior and the estrus phase of a new estrous cycle.  
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Fertilization and recognition of pregnancy 
During ovulation, mature oocytes are released into the oviduct and made available for 
fertilization by sperm at the ampullary-isthmic junction. Fertilization is marked by fusion of 
the male and female pronuclei in the oviduct, producing single cell zygotes. The porcine 
embryo spends little time in the oviduct, approximately 3 d post ovulation before entering the 
tip of the uterine horn. During this time, successful development culminates with embryonic 
genome activation observed at the 4-cell stage of division (Foxcroft, 1997; Houghton, 2006; 
Leese et al., 2008; Krisher and Prather, 2012). By d 6 of gestation, embryos have reached the 
uterus and blastulation has begun with differentiating cells separating from the inner cell mass 
(embryo proper; ICM) and forming the outer epithelial layer known as the trophectoderm, that 
will later become placental tissues (Hewitson and Leese, 1993; Houghton, 2006; Kong et al., 
2012). Mitotic divisions continue in both the ICM and the trophectoderm during migration into 
the uterine horns. Shortly after development of the trophectoderm, around d 7 to 8 of gestation 
the blastocyst hatches from the zona pellucida. After hatching, diameter of the embryo 
continues increasing and the trophoblast expands as the ICM continues into gastrulation, which 
commences simultaneously in ungulates (Hue et al., 2001; Blomberg et al., 2006).  
 
Embryo elongation 
Morphological changes in the ICM and the trophectoderm are initiated around d 10 of 
gestation, when the spherical shaped embryo is approximately 2 to 3 mm in diameter. Over the 
course of 24 to 36 h, the conceptus will expand to reach 9 to 10 mm in diameter at which point 
it undergoes significant morphological rearrangement (Geisert et al., 1982; Pusateri et al., 
1990), as illustrated in Fig. 2.1. Between d 11 and 12 of gestation, the conceptus rapidly 
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transitions from a spherical to tubular shape, and finally reaching a filamentous form over the 
course of a few h on d 12 of gestation (Heuser and Streeter, 1929; Ross et al., 2003b). Through 
this remodeling process, as the conceptus changes from ovoid form (9 to 10 mm) to tubular 
(15 to 25 mm), to filamentous forms, it increases in size at a maximal rate of at approximately 
45 mm/h, reaching over 100 mm in length in approximately 2 h (Geisert et al., 1982; Ross et 
al., 2003). Trophoblastic elongation of the porcine conceptus is asynchronous and dependent 
upon factors within the maternal environment and the elongation rate of individual 
conceptuses, as illustrated by studies that have found multiple stages of elongation among 
conceptuses at any one time point during 10-12 d gestation (Anderson, 1978; Geisert et al., 
1982).  
Asynchronicity of elongation may contribute to the ability of individual conceptuses to 
establish sufficient uterine space for adequate attachment and increase chances of survival 
throughout gestation (Pope, 1988). Conceptus derived cytokines are released during elongation 
may have an autocrine effect and contribute to the elongation process (Ross et al., 2003). 
Conceptus IL-1β mRNA abundance increases quickly during elongation and decreases 
immediately following elongation completion while IL-1β protein abundance in the lumen is 
present from d 12 to 15 of gestation and is associated with NFKβ translocation into the nuclei 
of cells on the luminal epithelium (LE; Ross et al., 2010). Elongation of the conceptus 
coincides with enhanced expression of communicative signaling necessary for maternal 
receptivity. Increased secretion of E2 from the conceptus contributes to the secretion of 
vascular endothelial growth factor (VEGF) from the uterine glandular epithelium (Dantzer and 
Winther, 2001), which in-turn activates expression of VEGF receptor 1 (VEGFR1) from the 
trophectoderm (Kaczmarek et al., 2009). An example of communication, these growth factors 
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support angiogenesis and vasoconstriction in the endometrium (Reynolds and Redmer, 2001). 
Similarly, this responsive expression extends to growth factors such as fibroblast growth factor 
7 (FGF7), epidermal growth factor (EGF), and the influence of these factors on transmembrane 
integrin heterodimer receptors, such as secretion of phosphoprotein 1 (SPP1 or osteopontin) 
during trophoblastic elongation.  
 
Figure 2. 1. Morphological stages of early conceptus development between d 10 to 12 of 
pregnancy. Upon reaching a spherical diameter of appropriately 10 mm, conceptuses rapidly transition to ovoid, 
tubular, and filamentous morphologies within 2 to 3 h, reference: Geisert et al., 2014  
12 
Window of uterine receptivity 
During elongation, viable conceptuses signal to the uterus through maternal recognition 
factors.  prompting maternal responses that brings about pregnancy induced anestrous (Short, 
1969; Bazer and Thatcher, 1977). This anestrous is controlled through preservation of the CL 
by conceptus E2 secretion (Geisert et al., 1982). Conceptus derived E2 is first detected when 
the spherical conceptus reaches 7 mm in diameter and increases significantly as the conceptus 
transitions to filamentous morphology (Fisher et al., 1985). Conceptus derived E2, however, 
does not contribute to elongation in the trophectoderm (Morgan et al., 1987). As illustrated by 
Meishan conceptuses, spherical conceptuses can be maintained longer and secrete more E2 on 
d 12 than d 11 of gestation without a change in morphology, indicating an additional 
mechanism may play a part in triggering E2 release in porcine embryos (Pickard et al., 2003). 
While the release of E2 by the conceptus does not regulate elongation, adequately elongated 
conceptuses improve the effect of E2 on endometrial receptivity to attachment.  
The release of E2 by the conceptus facilitates the diversion of endometrial PGF2α into 
the uterine lumen and away from the blood stream. Proposed as the ‘endocrine/exocrine 
theory’, this biological redirection of PGF2α by E2 functions to preserve the functional CL 
(Bazer and Thatcher, 1977; Waclawik et al., 2009). Preservation of the CL sustains production 
and secretion of P4, a vital hormone in maintaining pregnancy, as the loss of P4 in swine at 
any point during gestation results in abortion (Nara et al., 1976). The release of E2 from the 
conceptus is biphasic in nature (Ziecik et al., 2011). The initial surge of E2 (d 11 to 12) is 
followed by a second, more sustained release of conceptus E2 between d 15-18 of gestation, 
during the time of trophectoderm attachment to the LE of the uterus (Geisert et al., 1990). This 
biphasic release of E2 from the conceptus promotes the release of P4 and builds a receptive 
uterine environment for the developing embryos. Initially, the secretion of P4 by the CL 
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reduces progesterone receptor (PGR) expression in the LE. As PGR expression wanes, 
expression of mucins on the LE are also reduced (Bazer et al., 2010), exposing binding sites 
and adhesion molecules on the surface of the uterine LE (Bazer and Johnson, 2014). During 
this time, the developing pig conceptus initiates steroidogenesis and communication with the 
endometrium, utilizing androgens released from the endometrium to continue and increase 
production of E2 (Bazer et al., 2013).  
 
Attachment 
Viable conceptuses begin the process of apposition and attachment between d 13 to 18 
of gestation (Perry, 1981). Attachment of the conceptus occurs with interdigitation of the 
placenta with microvilli located on the surface of the uterine lumen (Keys and King, 1990). 
Interaction of the placenta with these microvilli require down regulation of factors within the 
extra cellular matrix (ECM). The ECM is a protective complex made up of a trypsin inhibitors, 
hyaluronic acid, mucins and immunological factors that carefully regulate the invasive 
attempts of the conceptus or foreign bodies, protecting the endometrium against untimely 
attachment (Kridli et al., 2016). The porcine conceptus is highly invasive outside of the uterus, 
however in utero, interaction with the endometrium restricts this invasive nature (Keys and 
King, 1990).  
Remodeling of the ECM occurs as a part of natural cyclicity, through control with 
steroid hormones secreted by ovarian tissues. In preparation for the attachment of the embryo, 
PGR is down-regulated in the uterine lumen, along with decreases in mucins and glycoproteins. 
Attachment factors such as SPP1 are present in the LE as early as d 5 of gestation, however 
the expression of mucins, specifically MUC-1, are only reduced through the time and influence 
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of P4 from the CL. Expression of MUC-1 is highest between d 0 to 4 of gestation (Bowen et 
al., 1997), but must be reduced on the endometrial surface to enable conceptus attachment 
(Johnson et al., 2001). As secretion of P4 increases, expression of P4 receptor in the LE 
decreases, allowing MUC-1 to recede and open the window of implantation, between d 12 to 
15 of gestation (Meseguer et al., 1998). Restriction of implantation creates a superficial 
attachment of the diffuse epitheliochorial placenta, increasing the importance of establishing 
receptivity of the uterus through elongation. This is especially true in the Yorkshire breed of 
pigs commonly used in the development of maternal lines in commercial pig production, as 
placental expansion is the primary method of increasing nutrient uptake (Vonnahme et al., 
2002).  
Prenatal mortality is considered to occur primarily during the peri-implantation period 
and again later when uterine capacity becomes limiting, around d 30 to 40 of gestation 
(Anderson, 1978; Wilson, 2001; Vonnahme et al., 2002). Ability of the developing fetus to 
survive when uterine capacity becomes limited may be related, at least in part, to the surface 
area of placental attachment, as the mechanism for increasing placental nutrient uptake ability 
in domestic large white breeds is through increasing surface area of the placenta (Knight et al., 
1977; Vonnahme et al., 2001). Therefore, reduced surface area for attachment may 
compromise nutrient exchange of smaller conceptuses and result in compromised fetal growth 
or death (G.R. Foxcroft et al., 2007). Knowing this, efforts to understand how maternal 
nutrition contributes to offspring development when placental space may be restricted has 
become an important area of investigation with increasing litter sizes in commercial swine 
production systems.  
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Nutrition and Gestation 
Nutrition in the growing pig is undoubtedly a costly input for the swine industry. 
Upwards of 70% of operating costs in commercial pig production can be accounted for in feed 
costs alone, with protein making up almost 30% of diet costs (Lammers et al., 2007). In 2008, 
it was reported that less than 1% of all publications on pig nutrition addressed sow nutrient 
requirements (Ball et al., 2008). The lack of sow nutrient research during gestation and 
understanding the needs of the developing fetus was similarly highlighted in the 11th edition 
of Nutrient Requirements of Swine (NRC, 2012).  
Nutrition during pregnancy affects reproductive success of the dam and development 
of the offspring, both in maintaining the litter and influencing postnatal offspring vitality 
(Foxcroft et al., 2006; De Rooij et al., 2006; Wu et al., 2012). While deficiencies are known to 
hinder growth, nutrients provided in excess may also compromise reproductive or 
developmental success (Rehfeldt et al., 2011; Ajuwon et al., 2016; Mudd et al., 2016; Barbero 
et al., 2018). These studies highlight the importance of maternal nutrition and its ability to 
influence piglet development and performance.  
 
Changing maternal metabolism 
 Metabolic regulation in production animals continually shifts between two defined 
states, homeostasis and homeorhesis (Bauman and Currie, 1980). Homeostasis is the 
maintenance of physiological equilibrium, whereas homeorhesis is the repartitioning of 
nutrients to orchestrate tissue function to support a physiological state, such as chronic illness, 
pregnancy, or lactation (Bauman and Currie, 1980). The classic example of the effect of 
changing nutrient partitioning is the demand on blood glucose. Maternal blood levels of 
glucose influence the amount of glucose taken up by the placenta through a glucose gradient 
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(Power and Jenkins, 1975; Randall and L’Ecuyer, 1976; DiGiacomo and Hay, 1990; Lager and 
Powell, 2012). During early mitosis, the embryo does not cause great nutrient demand on the 
maternal system as the embryo replicates deoxyribonucleic acid (DNA) but does not increase 
in size (Leese, 1991). This minimal demand for adenosine triphosphate (ATP) presumably 
results in a minimal need for glucose and limited demand on maternal glucose by the embryo 
(Hewitson and Leese, 1993). This demand increases as the embryo begins to differentiate and 
hatch from the zona pellucida (Leese et al., 2008; Krisher and Prather, 2012). Nutrient demand 
of the fetus increases over gestation, creating greater demand for nutrition, and on the glucose 
gradient, as gestation continues into rapid protein accretion and the fetal tissues increase in 
weight (Weldon et al., 1994; Shelton et al., 2009; Gonçalves et al., 2016). These metabolic 
changes highlight the importance of maternal nutrition and role it plays in transfer of nutrients 
from dam to offspring.  
 
Nutrient transport to offspring 
During early development, nutrients made available to the developing conceptus are 
thought to be obtained primarily from histotroph, also known as uterine milk (Buhi et al., 1982; 
Bazer et al., 2011). Histotroph, which is synthesized and secreted at the endometrial surface 
by the uterine glandular epithelium throughout pregnancy, aids in providing nutrition and 
growth factors that influence differentiation of the conceptus during early pregnancy (Johnson 
et al., 2001; Mullen et al., 2012). As the trophectoderm elongates and increases in complexity, 
the sources of nutrients available to the developing embryo change (Vallet et al., 2009). Due 
to the diffuse epitheliochorial phenotype of the pig placenta, transport of nutrients is highly 
dependent on surface area of placental interaction with uterine endometrium to maximize 
integrity of placental attachment (Biensen et al., 1991; Wilson, 2001; Regnault et al., 2005b).  
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Unlike ruminants, where placentomes facilitate nutrient exchange, the areola of the pig 
placenta exchange signaling compounds and nutrition histotroph secreted by the uterine 
glands, however areola of the pig placenta are not the primary source of nutrient exchange 
(Vallet et al., 2014). The inter-areolae space of the diffuse placenta facilitates nutrient 
exchange through extensive folding to maximize contact with the endometrium, and minimize 
space (Sebire and Talbert, 2004; Vallet et al., 2009). Maternal and fetal blood vessels facilitate 
nutrient transport in a cross-countercurrent fashion, with maternal and fetal blood passing 
along the folded bilayer, and transferring from maternal cell layer into placental cell layer 
(Vallet et al., 2014). As nutrient demand increases during gestation, fold width of the inter-
areolar space increases (Vallet and Freking, 2007). Fold width of the interareolar space has 
been found to be greater in small fetuses than large, suggesting that expansion of fold width 
plays a compensatory role for small fetuses (Vallet et al., 2014). However, if inter-areolar fold 
width exceeds the fetal stroma width, compensation can no longer occur and may be a 
contributing cause of small birth weight pigs (Vallet et al., 2014). 
Changes in placental size coincide with differences observed in late gestation of 
Meishan between Yorkshire pigs, where Meishan fetuses had greater placental folding, as 
compared to Yorkshire placentas, which depend on increased placental size for greater surface 
area in late gestation (Vonnahme et al., 2002). Restricted access to nutrients in gestation due 
to placental size may either slow development of the offspring or permanently retard 
development all together. In IUGR offspring, it has been observed that placental uptake of AAs 
is reduced prior to signs of IUGR in placental and fetal tissues (Regnault et al., 2005). 
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Figure 2.2. Schema of placenta and uterine wall in pigs, showing layer apposition and 
an areola. Nutrient transport occurs through maternal and fetal blood vessels that are arranged in a cross-countercurrent 
fashion, with maternal and fetal blood passing along the folded bilayer, and transferring from maternal cell layer (blue box) 
into placental cell layer (green box; Vallet et al., 2014). Adapted from University College Dublin, Department of Veterinary 
Anatomy, reference: http://www.ucd.ie/vetanat/images/34.gif 
 
While little is known about nutrient uptake and utilization by the developing fetus, 
concentrations of AAs have been observed to increase over the course of gestation (Wu et al., 
1999), suggesting that changes to conceptus AA content is dependent on gestational age, 
development, and possibly, specific AA availability.    
Protein  
Protein is a vital macronutrient in biological systems, providing the major component for 
life processes. Dietary protein is a complex of AA that provide amine groups and carbon 
skeletons for endogenous synthesis of structural and functional proteins. Crude protein (CP) is 
the standard measure for dietary protein levels in livestock diets, estimated as the amount of 
nitrogen (N) × 6.25. Models used to estimate protein and nutritional requirements for sows are 
based on weight at breeding and targeted weight gain over gestation in maternal and conceptus 
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tissues (NRC, 1998). Model estimates may not be accurate in recommended protein levels as 
the models are based on outdated work of less prolific sows and from gain results of finishing 
pigs. As an example, growing pigs are tolerant of feeding excess protein, at levels up to 25% 
(NRC, 1998). In the sow, however, deficient and excess levels of protein can contribute to poor 
weight management and may be associated with reduced longevity (Rozeboom and Johnston, 
2007).  
Currently, recommended CP levels for gestation diets is 12 to 12.9%, however diet 
formulations are primarily based on AA requirements and ratio to limiting AA, leaving little 
direct regard for CP levels. Inadequate, less than half the adequate control, and excessive 
protein levels have been observed to reduce birth weight (Pond et al., 1992; Rehfeldt et al., 
2011). Producers work to prevent the negative impacts of inadequate nutrition often by 
increasing nutrient levels well above the minimum requirements. This practice, however, may 
be a detriment to gestating sows, as excess energy levels have been observed to negatively 
affect embryo survival (Dyck et al., 1980; Ashworth, 1991; Jindal et al., 1996; Prunier and 
Quesnel, 2000). Similarly, CP levels may be excessive during gestation (Ji et al., 2017; Li et 
al., 2010; Rehfeldt et al., 2012; Wu et al., 2017).  
Little work has focused specifically on the negative effects of excess CP. Rehfeldt et al. 
(2012) found that when protein was in excess (30% CP), birth weight was reduced by 14.2% 
in comparison to adequate protein (12.1% CP) diet while sows on the low protein diet (6.5% 
CP) had a similar reduction in weight (15.6%). However, inconsistencies in previous research 
have led to the conclusion that excess energy or CP is not of economic importance (NRC 1998).  
Diets in modern livestock production are generally formulated to meet the minimum 
requirements of AA and AA ratio. The concept of the ideal protein, or “a protein with an AA 
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profile that exactly meets the animal’s requirement so that all amino acids are equally limiting 
for performance” (van Milgen and Dourmad, 2015), is utilized to maximize feed efficiency 
when formulating diets (Table 2.1). The concept of utilizing ideal proteins emphasizes the 
importance of adequate and balanced AAs for all stages of production and has led to balancing 
diets based on AA requirements rather than CP. 
Table 2.1. Ideal ratios of amino acids to lysine for maintenance, protein accretion, 
milk synthesis, and body tissue1 
Amino Acid Maintenance2 
Protein 
Accretion3 
Milk 
Synthesis4 
Body 
Tissue5 
Lysine 100 100 100 100 
Arginine -200 48 66 105 
Histidine 32 32 40 45 
Isoleucine 75 54 55 50 
Leucine 70 102 115 109 
Methionine 28 27 26 27 
Methionine + cystine 123 55 45 45 
Phenylalanine 50 60 55 60 
Phenylalanine + tyrosine 121 93 112 103 
Threonine 151 60 58 58 
Tryptophan 26 18 18 10 
Valine 67 68 85 69 
1As reported in Nutrient Requirements of Swine (10th Revised Edition). Washington: National Academies Press, 1998. 
Chapter 2. Proteins and Amino Acids. P18. Table 2-1. Description of three patterns of ideal proteins and the amino acid 
pattern for body tissue protein.  
2Maintenance ratios were calculated based on the data of Baker et al. (1966a, b), Baker and Allee (1970), and Fuller et al. 
(1989). The negative value for arginine reflects that arginine synthesis is more than the needs for maintenance. 
3Accretion ratios were derived by starting with ratios from Fuller et al. (1989) and then adjusting to values that produced 
blends for maintenance accretion that were more consistent with recent empirically determined values (Baker and Chung, 
1992; Baker et al., 1993; Hahn and Baker, 1995; Baker, 1997).  
4Milk protein synthesis ratios were those proposed by Pettigrew (1993) based on a survey of the literature; the value of 73 
for valine proposed by Pettigrew was modified to 85.  
5Body tissue protein ratios were from a survey of the literature (Pettigrew, 1993). 
 
Amino acid requirements 
Considered the building blocks of life, AA are necessary for all physiological processes. 
There are 20 AAs that make up protein compounds, all of which are classified by physiological 
capacity for endogenous production (Table 2.2). Essential AAs (EAA) are those that cannot be 
synthesized from materials ordinarily available in cells at a rate matching the demands for 
productive functions (NRC, 2012). Non-essential AAs (NEAA) are differentiated from EAAs 
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by rate of production. Based on this definition, it has been argued that only Lys, Thr, and Trp 
are truly EAAs in pigs, and the only true NEAAs are Glu and Ser (Schaafsma., 2000). Newly 
classified conditionally essential AAs (CEAA) are then defined as AAs where rates of 
utilization outpace rate of endogenous synthesis (NRC, 2012).  
Table 2.2. Essential, non-essential, and conditionally essential amino acids1 
Essential Non-essential Conditionally Essential 
Histidine Alanine Arginine 
Isoleucine Asparagine Cysteine 
Leucine Aspartate Glutamine 
Lysine Glutamate Proline 
Methionine Glycine Tyrosine 
Phenylalanine Serine  
Threonine   
Tryptophan   
Valine     
1As reported in Nutrient Requirements of Swine (11th Revised Edition). Washington: National 
Academies Press, 2012. Chapter 2. Proteins and Amino Acids. P15. Table 2-1. 
 
Physiological processes represent a greater determinant of AA requirements during 
specific stages of production, such as gestation and lactation, or during rapid lean growth of 
the young pig (NRC 2012). Amino acid requirements in gestating gilts, indicated as first 
parity sows in NRC 2012 (Table 2.3), emphasize the difference in AA needs prior to and 
after d 90 of gestation. In pig production, particularly post-weaning, the minimum 
recommended amount of EAAs needed during pig growth and development to marketing or 
breeding are well characterized, with recommendations for specific changes to AA quantities 
and ratios as body weight increases in 18 kg increments and based on differing levels of 
protein deposition (NRC 2012). However, the nutritional needs of the gravid sow and 
developing fetal litter are poorly characterized.  
The current recommendations for gestating sows are based on grower pig performance 
and models from less prolific sows, as compared to modern commercial sows (Ball et al., 2008; 
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Kim et al., 2009; Campos et al., 2012; NRC, 2012). Utilizing less prolific sows does not 
account for possible changes in metabolism to manage the physiological demand of larger 
litters, and lean tissue produced by growing pigs differs greatly from reproductive tissues and 
processes that are supported by the gravid sow. Some research has moved towards addressing 
the AA needs of the sow and fetal litter through gestation, with focus on individual AA 
supplementation. However, the appropriate quantity, ratio, and timing of need for specific AAs 
remains elusive. Traditional classifications of EAA or NEAA has recently been suggested to 
be a misnomer by Hou and Wu (2017). This review suggests that all AA should be considered 
EAA, stating that physiological rates of NEAAs in non-ruminants are dependent carbon 
skeletons from EAAs and cannot be appreciably synthesized from non-protein sources in 
monogastric animals.  
All AAs serve crucially important roles in physiological processes, and classification 
as EAA or NEAA may or may not be of importance in application of swine nutrient 
recommendations. This suggestion does, however, highlight perceptions of AA nutrition in 
mature animals when taken in context with poor characterization of AA requirements of the 
sow during gestation. This highlights that adequacy of nutrition may change dramatically with 
increasing production demand and physiological efficiency in pigs.  
Arginine 
Arginine is a basic (pH 12.5), five-carbon, cationic AA that is essential to cell growth 
and proliferation. Found almost ubiquitously in living organisms, it is part of a family of 
functional AAs that play a vital and complex role in the metabolism of most mammals (Wu 
2007). In particular importance to this work, Arg has recently been recognized as CEAA in 
gestating sows based on the suggestion that endogenous levels may not meet demand of 
reproductive and fetal tissues (Ball et al., 2007; NRC, 2012).  
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Table 2.3. Dietary amino acid requirements of first parity gestating sows1 
 Days of gestation 
Parameter <90 >90 
NE2 content of the diet (kcal/kg) 2518 2518 
Effective DE content of diet (kcal/kg) 3388 3388 
Effective ME content of diet (kcal/kg) 3300 3300 
Estimated effective ME intake (kcal/kg) 6678 7932 
Estimated feed intake + wastage (g/d) 2130 2530 
Body weight gain (g/day) 578 543 
Body protein deposition (g/d)   
   
Total basis (%)   
Arginine 0.32 0.42 
Histidine 0.22 0.27 
Isoleucine 0.36 0.43 
Leucine 0.55 0.75 
Lysine 0.61 0.8 
Methionine 0.18 0.23 
Methionine + Cysteine 0.41 0.54 
Phenylalanine 0.34 0.44 
Phenylalanine + Tyrosine 0.61 0.79 
Threonine 0.46 0.58 
Tryptophan 0.11 0.15 
Valine 0.45 0.58 
Total Nitrogen 1.62 2.15 
   
Standardized ileal digestible basis (%)   
Arginine 0.28 0.37 
Histidine 0.18 0.22 
Isoleucine 0.3 0.36 
Leucine 0.47 0.65 
Lysine 0.52 0.69 
Methionine 0.15 0.2 
Methionine + Cysteine 0.34 0.45 
Phenylalanine 0.29 0.38 
Phenylalanine + Tyrosine 0.5 0.66 
Threonine 0.37 0.48 
Tryptophan 0.09 0.13 
Valine 0.37 0.49 
Total Nitrogen 1.32 1.79 
1 Dietary and amino acid requirements (90% dry matter) of first parity sows as listed in the NRC 2012, for sows at 140 kg, 
an expected litter size of 12.5, and an expected weight gain of 65 kg.  
2 Net energy 
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Arginine is a precursor molecule for numerous metabolic processes and polyamines in 
reproductive tissues (Fig. 2.3). Arginine influences the synthesis of metabolically significant 
signaling proteins, such as nitric oxides (NO) and polyamines, such as spermidine and 
putrescine, via ornithine decarboxylase (OCD). As well, Arg breakdown occurs as a precursor 
reaction for creatine synthesis, adding to energy production for brain and muscle tissue 
(Braissant et al., 2005). Finally, tissue construction is also influenced by Arg catabolism, which 
occurs prior to proline synthesis (Urschel et al., 2007). Synthesis of NO in particular has been 
shown to influence the ability of the conceptus to elongate in NO synthase knockdown models 
(Wang et al., 2014b). Further, Arg plays a key role in metabolic processes, such as nitrogen 
disposal via the urea cycle and energy production as a contributor to the citric acid cycle (via 
α-ketoglutarate). Finally, Arg also contributes to functional cell pathways such as the 
mechanistic target of rapamycin complex 1 (mTORC1) pathway to influence transcription and 
cellular proliferation (Kim et al., 2013). The extensive integration of Arg in metabolism 
highlights the importance of Arg in biological functions, it is found in relatively high levels in 
common feed ingredients, such as corn, distillers grains, and soybean meal (NRC, 2012).  
The pervasive presence of Arg in plants utilized for feed and the ability of mature 
mammals to produce adequate amounts of Arg endogenously under normal conditions, has led 
to a classification of NEAA for many years (Easter et al., 1974; NRC, 1998). Conversely, Arg 
is an EAA in neonatal pigs, due to inadequate levels of Arg found in milk (Wu and Knabe, 
1994; Kim et al., 2004). Uniquely, Arg has been indicated as an important contributor to 
embryo development and cellular proliferation, and particularly in the trophectoderm (Gao et 
al., 2012; Kong et al., 2012; Wang et al., 2014a; Chantranupong et al., 2016).   
During gestation, AA requirements of the developing fetus increase with gestational 
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age (Wu et al., 1999; NRC, 2012). Providing an important source of nitrogen, Arg is a vital 
precursor to a variety of metabolic processes that are particularly important during gestation, 
particularly around vascularity, adhesion, and cell proliferation. Numerous studies have been 
conducted to investigate the purported benefits of Arg supplementation on reproductive and 
offspring growth performance (Table 2.3). Not all the results from these trials are in 
congruence, making the interpretation of the effectiveness of Arg difficult to determine at a 
commercial level.  
In this work, P0 sows were provided with an average of 25 g/d over the course of 
gestation. Previous experiments evaluating Arg supplementation have ranged from 8 to 28 g/d 
of supplemented Arg during gestation, with only four experiments feeding Arg at levels similar 
to the current experiment. All four experiments observed increases in litter size or pig weight 
in the Arg supplemented groups, however no response was statistically significant (Ramaekers, 
2006; Quesnel et al., 2014; Krogh et al., 2016). Significant improvements to litter size were 
observed when Arg was supplemented at 8, 16, 16.6, and 21.7 g/sow/d (Mateo et al., 2007; 
Bérard and Bee, 2010; Li et al., 2011; Gao et al., 2012). However, these experimentswere 
conducted at varying time points in gestation, many of which either end Arg supplementation 
prior to d 30 of gestation or do not initiate Arg supplementation until after d 30 of gestation. 
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Figure 2.3.  Arginine metabolism in mammals. Arginine is a precursor molecule for numerous biologically important AAs and polyamines Abbreviations: 
Abbreviations: ADC, arginine decarboxylase; AGA, agmatinase; AGAT, arginine:glycine amidinotransferase; ASL, argininosuccinate lyase; ASS, argininosuccinate synthase; AS, 
argininosuccinate; Asp, aspartate; BH4,(6R)-5,6,7,8-tetrahydro-L-biopterin; CP, carbamoylphosphate; CPS-I, carbamoylphosphate synthetase-I (ammonia); DCAM, decarboxylated 
S-adenosylmethionine; Glu, glutamate; Gln, glutamine; GDH, glutamate dehydrogenase; GA, guanidinoacetate; GMAT, guanidinoacetate N-methyltransferase; CK, creatine kinase; 
Cr-P, creatine-phosphate; α-KG, α-ketoglutarate; MTA, methylthioadenosine; NAG, N-acetylglutamate; NAGS, N-acetylglutamate synthase; NO, nitric oxide; NOS, nitric oxide 
synthase; OAT, ornithine aminotransferase; OCT, ornithine carbamoyltransferase; ODC, ornithine decarboxylase; PO, proline oxidase; P5CD, pyrroline-5-carboxylate 
dehydrogenase; P5CR, pyrroline-5-carboxylate reductase; P5CS, pyrroline-5-carboxylate synthase; SAM, S-adenosylmethionine; SAMD, S-adenosylmethionine decarboxylase; 
SAHC, S-adenosylhomocysteine; SPDS, spermidine synthase. Reference: (Flynn et al., 2002).  
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Table 2.4. Overview of publications utilizing Arg supplementation during gestation to improve reproductive 
performance in pigs  
   Arginine supplementation   Change, Arginine - Control 
Reference1 N Parity2 % of diet3 g/Sow/d4 d of Gest5 CP (%)6 Time data collected7 
 Placental 
Wt., g8 
Litter 
Size9 
Pig  
Wt., g10 
Ramaekers, 2006 136 1 1 25 14-28 --- Farrowed --- 1.08 --- 
Ramaekers, 2006 210 Multi 1 25 14-28 --- Farrowed --- 0.93 --- 
Mateo et al., 2007 52 1 0.83 16.6 30-114 12.2 Farrowed --- 2.03* 3190* 
Bérard and Bee, 2010 20 1 0.87 21.7 14-28 14.3 75 No Effect 3.7* 1196 
Li et al., 2010 18 1 0.4 8 0-25 12 25 -27.8 -0.4* 0.6* 
Li et al., 2010 17 1 0.8 16 0-25 12 25 -38.6 -3.1* -2.8* 
Bass et al., 2011 99 Multi 1 27.2 93-110 18.7 Farrowed 0.36 0.33 654.9 
Li, 2011, Thesis 15 1 0.4 8 14-25 12 25 31.6 2.2* 0.69 
Li, 2011, Thesis 14 1 0.8 16 14-25 12 25 19.5 1.7* 0.25 
Gao et al., 2012 108 Multi 1 16.6 22-114 13.24 Farrowed 0.49 1.1* 1700* 
Greiner et al., 2012 376 Multi 1.23 28 18-34 15 Farrowed --- 0.06 --- 
Greiner et al., 2012 316 Multi 1.23 28 75-115 15 Farrowed --- 0.32 -0.67 
X. Wu et al., 2012b 27 Multi 1 16.6 90-114 14.7 Farrowed --- 0.47 2465.4 
Zier-Rush et al., 2012 775 Multi 1.23 27.6 18-34 --- Farrowed --- -0.8 0 
Zier-Rush et al., 2012 393 Multi 1.23 27.6 75-115 --- Farrowed --- 0 0 
Quesnel et al., 2014 90 Multi 1 25.5 77-114 --- Farrowed --- 1.1 600 
Garbossa et al., 2015 90 Multi 1 18 25-53 --- . --- 0.33 1980 
Krogh et al., 2016 21 Multi 0.9 25 30gest-28lact --- Farrowed --- --- 0.06 
Dallanora et al., 2017 102 Multi 1 17 25-80 17 Farrowed 0.1 -1 0.1 
1 Sources listed in references section at end of chapter 
2 Parity, 1 represents supplementation occurring during gilt gestation only; multi represents unspecified sows including and above parity 2 
3Percentage of additional arginine within whole diet provided 
4Grams of additional arginine provided in whole diet 
5Days of gestation in which supplemental arginine was provided 
6Crude protein, as a percent of whole diet 
7 Timing of data collection, during gestation or after farrowing 
8 Placental weight in grams 
9 Litter size of viable or born alive pigs 
10 Weight of whole litter or individual pigs in grams 
*Difference associated with P value < 0.05 
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Maternal Influence on Porcine Fetal Development and Growth Performance 
The influence of maternal nutrition on prenatal growth and development has been observed 
across all mammalian species (Godfrey and Barker, 2001; Foxcroft et al., 2006). Examples of 
maternal dietary influence on offspring development have been observed in humans as a result of 
natural disasters and epidemics such as the Dutch famine (Schulz, 2010), coronary heart disease 
(Barker, 1995), and obesity (Yajnik, 2004). In livestock, the influence of maternal nutrition on 
offspring development has been observed in nutrient specific deficiencies, such as vitamin D and 
kyphosis (Amundson et al., 2016), deficiency and excess protein on offspring birth weight 
(Rehfeldt et al., 2012; Ji et al., 2017), and the effect of energy on embryo survival (Bazer et al., 
1968; Jindal et al., 1996; Prunier and Quesnel, 2000). Much of the research regarding maternal 
nutrition and offspring development in pigs revolves around understanding why underweight 
offspring occur and to investigate possible interventions through maternal diet. 
In swine, reduced permeability and surface area of the placenta contribute to reduced 
efficiency of nutrient exchange and can lead to IUGR (Roberts et al., 2001; Fowden et al., 2006). 
Extensive study of the effects of IUGR in sheep and pigs has revealed that changes to functional 
systems in restricted fetuses, with IUGR affecting the liver, heart and lungs, hemodynamics, 
muscle development, glucose metabolism, neural development, immune development, and more 
(Town et al., 2004; Hay, 2006; Myatt, 2006; Rozance et al., 2011; Chen et al., 2015; Barbero et 
al., 2018). Inadequate development of the placenta is also linked to reduced development of 
skeletal muscle across species (Brown and Hay, 2016).  
Muscle fiber characteristics and birth weight are closely related to growth performance of 
the pig (Miller et al., 1975; Wigmore and Stickland, 1983; Dwyer et al., 1993), with increased 
muscle fiber number associated with increased birth weights and growth rates (Rehfeldt and Kuhn, 
2006). Hindered muscle development through reduced proliferation of myoblasts and protein 
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accretion in myofibers has been linked to reduced skeletal muscle mass and increased adipose 
accretion across species (Singhal et al., 2003; Sayer and Cooper, 2005; Ford et al., 2007; 
Peñagaricano et al., 2014). These examples highlight the effect of fetal development on postnatal 
offspring growth performance, and the role that maternal nutrition can play in offspring growth 
performance.  
 
Prenatal influence on postnatal growth  
Effects of IUGR on piglets were initially observed through studying the effect of ‘runting’ 
on postnatal growth in pigs. When compared to larger litter mates, runts possessed reduced whole 
body and muscle weights, which were further associated with larger muscle fiber diameter and 
reduced growth rates (Hegarty and Allen, 1978). Increased muscle fiber diameter at slaughter was 
also observed in runt pigs, as compared to larger birth weight littermates (Powell and Aberle, 
1980), however differences in postnatal growth up to slaughter were not observed. Physiological 
perturbations to development are further supported by evidence of reduced protein synthesis and 
muscle hypertrophy are commonly observed in fetuses under induced IUGR (Yates et al., 2014), 
and are found to be associated with increased muscle fiber diameter and decreased tenderness as 
(Gondret et al., 2006). Oksbjerg et al. (2013) has reviewed several studies that show the association 
of reduced total muscle fiber number and small birth weight pigs. Due to this association, birth 
weight is often used as a proxy for predicting muscle growth capacity and survivability through 
production (Pond et al., 1981; Gondret et al., 2006). Utilizing birth weight to evaluate muscle 
growth and performance is practical and useful, as postnatal muscle growth can only occur through 
hypertrophy.  
Fiber hypertrophy also varies among stage of maturity reached by offspring. Early 
maturing animals, such as sheep, have already begun to increase myofiber diameter by the last 
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trimester (Wigmore and Stickland, 1983). In later maturing animals, such as the pig, secondary 
myofiber cross-sectional area increases during the later half of gestation while the cross-sectional 
area of the primary fiber decreases to similar sizes of secondary muscle fibers (Wigmore and 
Stickland, 1983; Christensen et al., 2000).  
In addition to muscle fiber size, muscle fiber number has been observed to impact growth 
rate. Faster growing lines of pigs were found to have more, smaller muscle fibers (Miller et al., 
1975). This is also true for larger birth weight pigs as compared to smaller littermates, with the 
heavier pigs possessing more muscle fibers than lighter cohorts (Wigmore and Stickland, 1983; 
Dwyer et al., 1993). Similarly, increased nutrition provided to gilts during d 25 to 50 of gestation 
increased overall mean fiber number in pigs (Dwyer et al., 1994). However the impact of maternal 
diet on muscle fiber number or size is not conclusive, as another study conducted in 2003 which 
examined the effects of increased nutritional intake at different stages of gestation (d 25 to 50 or 
70 of gestation) suggest that the effect on muscle is nonexistent (Nissen et al., 2003). Ultimately, 
no differences were observed in the number of muscle fibers or average fiber area were observed 
due to maternal diet. Although in conflict with numerous articles that have shown an effect of 
maternal nutrition during gestation on growth of offspring, this paper did report that increased 
nutrition increased weight of the lightest group of piglets (Nissen et al., 2003). Numerous factors 
can influence the size of individual offspring and cause variation across studies, these studies all 
show the matenal diet to be a potentially powerful aid to fetal development and postnatal growth.  
Summary 
The maternal environment has great capacity to influence offspring growth and 
development. Ovulation rate, uterine capacity, and maternal nutrient utilization, there are all 
factors that can affect fetal development and impose lasting effects on offspring growth.  
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Reproductive performance of current commercial sows has amplified pressure on prenatal 
development as increasing number of embryos compete for space within the uterus. During 
elongation, communication with the endometrium is established and the process of organizing the 
appropriate attachment milieu for the conceptuses continues. This process requires adequate 
nutrition for angiogenesis and synthesis of attachment proteins to create the placental connection 
to the maternal tissues. Instances of nutritional inadequacies in the maternal diet may have result 
in hindered placental sufficiency, IUGR and contribute to low birth weight offspring.  
At approximately 30% of offspring produced, small birth weight offspring make up a 
substantial number of offspring may have been exposed to IUGR placing them at risk for impaired 
survival and growth performance later in life. Low birth weights in pigs are associated with 
increased mortality rates, reduced growth rates and increased carcass adiposity. The increase in 
adiposity is likely linked to decreased muscle mass of low birth weight pigs. Most research 
investigating muscle characteristics agree that increased fiber number is closely associated to 
mature muscle mass and to postnatal growth, however few research trials that evaluated fetal 
development also monitor offspring growth from to market to determine if the effect of changes 
in muscle fiber composition translate into altered growth rate and carcass characteristics.  
Maternal dietary intervention has also been shown to improve birth weight of offspring, 
however feeding the sow appropriately to provide the correct nutrients to the fetus is complex and 
often results in inconclusive results. Arginine has been implicated as a potential substrate for 
reducing the impact of IUGR through maternal diet. However, benefits of Arg supplementation 
under commercial conditions remain ill-defined. Therefore, the objectives of this dissertation were 
to evaluate the effect of maternal Arg supplementation during gestation on gilt reproductive 
performance and offspring performance in a commercial swine production system. Additionally, 
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analyses on litter characteristics and fetal development were performed to understand the role of 
litter size and gestational diet on post-weaning pig performance under commercial production 
conditions.  
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Abstract 
The purported benefits of a gestational Arg dietary strategy on fetal development in 
commercial production are unclear. Therefore, this study examined if Arg supplementation during 
different gestational stages affects gilt reproductive performance. Pubertal gilts (n = 548) were 
divided into four treatment groups: Control (n = 143; 0% supplemental Arg), or one of three 
supplemental Arg (1% as fed) treatments: from 15 to 45d of gestation (n = 138; Early-Arg); from 
15d of gestation until farrowing (n = 139; Full-Arg); and from 85d of gestation until farrowing (n 
= 128; Late-Arg). At farrowing, the number of total born (TB), born alive (BA), stillborn piglets 
(SB), mummified fetuses (MM), and individual piglet birth weights (BiWt) were recorded. The 
wean-to-estrus interval (WEI) and subsequent sow reproductive performance was also monitored. 
Supplementing Arg during any part of gestation did not alter TB, BA, SB, or MM (P ≥ 0.29). 
Offspring BiWt and variation among individual piglets did not differ between treatments (P = 0.42 
and 0.89, respectively). Following weaning, the WEI was similar between treatments (8.0 ± 0.8 d; 
P = 0.88). Litter performance over three parities decreased (P = 0.02) in BA for Early-Arg fed gilts 
while TB and WEI were similar between treatments over three parities (P > 0.05). There was an 
increased proportion of sows with average size litters (12 to 16 TB) from the Full-Arg treatment 
sows (76.8 ± 3.7 %) as compared to Control (58.7 ± 4.2%; P = 0.01), however the proportion of 
sows with high (> 16 TB) and low (< 12 TB) litters was not different between treatments (P = 
0.20). These results suggest that gestational Arg supplementation had minimal impact on 
reproductive performance in first parity sows. These data underscore the complexity of AA 
supplementation and the need for continued research on how and when utilizing a gestational 
dietary Arg strategy can optimize fetal development and sow performance. 
Keywords: arginine, commercial farm, sow, swine, litter 
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Introduction 
Individual amino acid (AA) supplementation has been extensively studied in growing pigs, 
however, similar attention has not been given to understanding specific AA requirements in sows 
which are continually selected for improved reproductive performance. Arginine (Arg) has 
attracted attention due to its apparent positive influence on fetal development and litter size (Wu 
et al., 2013). Furthermore, Arg supplementation has been shown to benefit sows by reducing body 
condition loss during lactation (Laspiur and Trottier, 2001; Laspiur et al., 2006).  
As a precursor for ornithine, nitric oxide, and creatine synthesis, Arg is a critical metabolic 
precursor for vascularization and rapid cellular growth occurring during conceptus development 
and attachment (Fozard et al., 1980; Wyss and Kaddurah-Daouk, 2000; Puiman et al., 2010; Wu 
et al., 2013). Due to increased fetal and placental requirement of compopunds synthesized from 
Arg, it is possible that Arg could be a limiting AA during gestation. However, the effect of 
supplemental Arg and timing of dietary changes on reproductive performance is poorly understood 
in sows (Moehn et al., 2011). Therefore, the study objective was to investigate the ability to 
improve sow reproductive performance parameters. Specifically, this project tested the hypothesis 
that supplementing 1% Arg in the diet fed to gilts in a commercial production setting during 
specific stages of gilt (P0) gestation would improve reproductive capacity as assessed by litter 
characteristics and subsequent reproductive performance. 
 
Materials and Methods 
Animals and experimental design 
All procedures involving animals were approved by Iowa State University Institutional 
Animal Care and Use Committee. Commercially reared, pubertal gilts (PIC 1050, Hendersonville, 
TN), were selected for breeding and included in the trial based on physical display of estrus during 
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a 3-wk period in the spring of 2016. Gilts selected for breeding were approximately 240 d of age, 
with at least one prior estrus, and serviced twice via artificial insemination with pooled semen 
(DNA 600, Columbus, NE) before placement in gestation pens (15 head/pen). In total, 660 gilts 
were serviced and were assigned to the trial, with 165 gilts per dietary treatment over a 20d 
breeding period. 
Diet management 
All diets were supplied via an auger and feed drop system common in commercial swine 
facilities (Chore-Time, Milford, IN). Diets were mixed by a commercial mill, with 1% 
supplemental L-Arg (base, synthetic; Ajinomoto Heartland, Inc.) mixed into the diet and red tracer 
was added for subsequent verification of feeding within the barn. Diet composition for both 
Control and Arg (total AA, nutrient) treatments can be found in Table 3.1. Each batch of feed 
delivered was sampled (0.5 kg sample) and analyzed for total AA (%) content to verify appropriate 
nutrient levels (Table 3.2). All gilts were supplied with approximately 2.6 kg/d until d 30 of 
gestation to reduce aggression stress prior to pregnancy establishment, and 2.3 kg/d from d 30 to 
farrowing. The Control diet formulation served as the basic diet for both treatments, supplying 
0.65% (approx. 15.9 g/d) Arg. Treatment diet was then formulated by adding 1% L-Arg mixed 
into the diet, providing approximately 41 g of total L-Arg to each sow per d during their time on 
Arg treatment diets.  
Due to placement of gilts in gestation pens and group feeding, treatments were pre-assigned 
to gestation pens on a rotating basis. Each group of gilts serviced during the trial phase was 
included under a dietary treatment as follows: Control (n = 143; 0% supplemental L-Arg), or one 
of three Arg treatments, supplying an additional 25g/d of synthetic L-Arg (base) was provided 
from 15 to 45d of gestation (Early-Arg; n = 138); from 15d of gestation until farrowing (Full-Arg; 
n = 139); and from 85d of gestation until farrowing (Late-Arg; n = 128). This experiment initiated 
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dietary treatments on d 15 of gestation, as feeding excess levels of energy or protein prior to d 10 
of gestation may negatively affect embryo survival prior to implantation (Bazer et al., 1968; Dyck 
et al., 1980; Ashworth, 1991; Jindal et al., 1996; Prunier and Quesnel, 2000; Li et al., 2010; 
Rehfeldt et al., 2012). All gilts that were removed from test pens due to illness, injury, or 
reproductive failure were recorded and omitted from farrowing data analysis. Removed gilts were 
not replaced and whole pen feed allocation was adjusted at least once per wk based on pen 
inventory. 
Farrowing and litter data collection 
Gilts were moved from the gestation to a farrowing facility between 85 and 110 d of 
gestation. Upon arrival, gilts were placed in individual gestation stalls for transitional holding until 
approximately 5d prior to farrowing; gilts remained on respective gestational dietary treatments 
during this time. Each farrowing room was filled based on breed date and contained no less than 
5 gilts from each gestation diet treatment. Dietary treatment administration continued as a once 
daily hand feeding of approximately 2.3 kg per gilt until the d of farrowing. Once farrowed, each 
gilt was allowed ad libitum access to a common lactation diet (Table 3.3). 
Gilt performance was evaluated by litter characteristics within 24 h of farrowing and 
included: total number of pigs born (TB), number of pigs born alive (BA), stillborn piglets (SB), 
mummified fetuses (MM), and offspring gender. Offspring classified for immediate euthanasia 
because of low viability, deformity, or injury, were recorded as BA and included as such in litter 
characteristics. All fully formed offspring (BA and SB) were weighed individually at birth (BiWt). 
Pre-wean mortality (PWM) was evaluated within 24 h of birth and for the duration of the lactation 
phase.  
Cross-fostering protocols were implemented during this trial as part of the standard 
operating procedures for the farm. To account for cross-fostering of piglets, both piglets and sows 
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that participated in cross-foster events were identified in the data set at the time of movement. 
Finally, litters were classified by number of TB pigs to evaluate the possible interactions between 
litter size and gestational Arg treatment. A normal distribution of litter sizes was observed, with 
68% of litters falling within the average, 12 to 16 TB pigs per litter. High TB (18%) were classified 
as litters > 16 TB, and low TB (13%) included litters with < 12 TB. 
Wean-to-estrus interval and longevity evaluation 
Wean-to-estrus interval (WEI) was recorded as the number of d post-weaning until the first 
behavioral estrus. Wean-to-estrus interval, farrowing interval, lifetime TB, and number weaned 
through subsequent parities, P0 to parity 3 (P3), were extracted from production system databases 
(Metafarms, Burnsville, MN). Sows removed from the trial during P0 gestation, due to injury, 
illness, or reproductive failure, were included in fallout rate. Each sow completing the P0 maternal 
dietary treatments were then included in retention analysis through P3 production. 
Statistical analysis 
Statistical analyses were performed utilizing a mixed linear regression model (PROC 
MIXED, SAS 9.0, Cary, NC). Individual sow and litter data was evaluated with treatment as main 
fixed effect, and breed wk acting as a block, while gestation pen was classified as a random effect. 
Breed wk was utilized as a block to account for differences that may occur due to the extended 
breeding period. Binomial analyses (SAS, PROC GLIMMIX) were performed to conduct 
proportion analysis of litter sex structure, sow retention rate, and litters within TB classifications 
across maternal dietary treatments. Sex analysis included a random effect of sow nested in 
gestation pen, while retention rate analysis only included a fixed effect of maternal dietary 
treatment. Sows participating in cross-foster events were removed from pre-weaning mortality and 
WEI analyses. In cases of irreconcilable data errors, production anomaly or statistical outlier, 
litters were removed from analysis (n = 27). Standard error was estimated with a Satterthwaite 
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adjustment for estimating degrees of freedom under a random effect. All values reported are of 
least square mean and maximum estimated standard error of the mean was reported in tables for 
each main effect comparison. Comparisons between classification groups were estimated utilizing 
the Tukey-Kramer method. 
 
Results 
Litter size was not influenced by Arg supplementation 
Supplementing Arg during specific fetal growth phases of gestation did not alter (P ≥ 0.29) 
the number of TB (14.3 ± 0.2), BA (13.1 ± 0.2), SB (0.9 ± 0.1), or MM (0.4 ± 0.1) farrowed during 
P1. Average BiWt of BA (P = 0.20) and fully formed pigs (BA + SB; P = 0.33) was not different 
across treatments. Variation of BiWt within litter was also not different (P ≥ 0.73) between 
treatments. Number of males and females per litter nor BiWt by sex was affected (P ≥ 0.41) by 
treatment (Table 3.3). 
An increased (P = 0.01) percentage of sows with average TB litters (Fig. 3.1A) was 
observed for sows in the Full-Arg (76.8%) treatment group as compared to the Control (58.7%), 
although maternal dietary Arg supplementation did not alter (P = 0.20) the percentage of sows 
producing high TB (Fig. 3.1B) or low TB (Fig. 3.1C) litters. The effect of maternal diet and TB 
classification interaction on BiWt was also evaluated. Low TB litters had greater variation in BiWt 
across maternal diet, as compared to average TB and high TB. Interestingly, a tendency for 
increased BiWt (P = 0.08) in low TB Control litters (1.56 ± 0.03 kg) was observed as compared to 
low TB Early-Arg litters (1.40 ± 0.04 kg). Offspring from Average TB litters had similar BiWt 
when compared to low and high TB litters (P > 0.05) for Early-Arg, Full-Arg, and Late-Arg 
treatments (Fig. 3.2), while a greater difference in BiWt of Control pigs from High, Average, and 
Low TB litters (P < 0.01). 
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Sow retention rate was not affected by maternal dietary supplementation of Arg during gilt 
gestation 
Of gilts placed on trial, 86.7%, 83.0%, 83.6%, and 78.2% completed gestation and 
farrowed for Control, Early-Arg, Full-Arg, and Late-Arg, respectively (P = 0.24). Retention to P3 
was, 65.5%, 64.9%, 58.2%, and 57.6% (P = 0.30), indicating a fallout rate of 21.2%, 18.1%, 
25.4%, and 20.6% for Control, Early-Arg, Full-Arg, and Late-Arg, respectively (Fig. 3.3). Reasons 
for removal of gilts from breeding group included reproductive failure, lameness, prolapse, or 
death. High variation observed in reason for removal suggest that diet treatment had no influence 
on reason for removal (data not shown).  
Subsequent gilt reproductive performance was not enhanced by Arg supplementation  
Sow performance improved with increasing parity, however no effect of maternal dietary 
treatment during P0 gestation was observed on subsequent reproductive performance. Average TB 
(Fig. 3.4A) increased (P < 0.01) from P1 to P3, regardless of maternal dietary treatment (Fig. 
3.4B). However, BA was decreased (P = 0.03) over all parities from sows in the Early-Arg 
maternal diet group (13.0), as compared to the Control maternal diet group (13.7; P = 0.02). 
Maternal dietary treatment did not affect WEI (P = 0.71) for services between P1 and P2 or for 
services between P2 and P3 for sows remaining in production (Fig. 3.4). 
 
Discussion 
Maternal supplementation of Arg during gestation purportedly increases litter size in 
gestating gilts (Mateo et al., 2007), as well as improves fetal weight and offspring BiWt (Wu et 
al., 2013). This experiment was designed to investigate the effect of supplementing L-Arg during 
gilt gestation within a commercial swine production system. Arginine was supplemented at 1% in 
this experiment due to observed benefits of Arg supplementation at 0.83 to 1% in gestation diets 
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of previous studies (Mateo et al., 2007; Gao et al., 2012). Approximately 40% of dietary Arg is 
thought to be utilized by the small intestine (Wu et al., 2005), suggesting that additional Arg could 
improve Arg availability for extra-intestinal use. However, results of this project do not support 
the hypothesis that Arg supplementation to gilts in a commercial production setting during specific 
stages of P0 gestation impacts reproductive ability, as assessed by litter characteristics and 
subsequent reproductive performance. 
In comparison to existing literature, the timing of Arg supplementation across studies is 
variable with respect to gestation stage. As previously discussed, improvements in litter size in 
commercial swine genetics is associated with increased mortality in embryonic, fetal, and pre-
weaning phases of growth, regardless of energy or protein differences in gestation diets (Kraeling 
and Webel, 2015). Ovulation rates, which have been improved through genetic selection (Johnson 
et al., 1999), further compound already high embryonic and prenatal mortality in pigs, which is 
estimated to range from 30 to 50% (Pope, 1994). Prenatal mortality occurs primarily during the 
peri-implantation period, and again when uterine capacity becomes limiting, around d 30 to 40 of 
gestation (Anderson, 1978; Wilson, 2001). The ability of the developing fetus to survive when 
uterine capacity becomes limited is related to the surface area of attachment, as the mechanism for 
increasing placental nutrient uptake ability in domestic European breeds of swine is through 
increasing surface area and size of the placenta (Knight et al., 1977; Vonnahme et al., 2001). In 
this experiment, an increased percentage of average litter sizes from sows supplemented with Arg 
was observed for litters from Full-Arg treatment (d 15-farrowing). Average litter size in this herd 
was also reported at 14 TB per sow, indicating that typical performance of the herd may already 
be dealing with uterine capacity limitations. However, an increase in the proportion of average TB 
litters does not conclusively indicate benefits of Arg supplementation. 
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Arginine is a precursor molecule for endogenous synthesis of specific and metabolically 
necessary signaling proteins such as creatine, ornithine, and nitric oxide (Urschel et al., 2007; 
Puiman et al., 2010), making Arg an important contributor to embryonic and placental 
development. Acting specifically as a regulator of cell proliferation, Arg enables the release of 
GATOR proteins from CASTOR proteins, allowing for activation protein synthesis and cellular 
proliferation through mTORC1 (Chantranupong et al., 2016). This supports existing evidence that 
Arg supplementation improves growth of porcine trophectoderm, a critical component of placenta 
formation (Gao et al., 2012; Kong et al., 2012; Wang et al., 2014). Improved trophectoderm cell 
proliferation and subsequent placental development during the establishment of the fetal-maternal 
interface is considered a mechanism through which Arg may contribute to increased litter size and 
birth weight. However, the effects of Arg supplementation on litter size is inconsistent (Bérard and 
Bee, 2010; Quesnel et al., 2014; Garbossa et al., 2015; Dallanora et al., 2017; Madsen et al., 2017).  
Increased litter size is associated with decreased birth weight, a symptom of intrauterine 
growth restriction (IUGR) (Muns et al., 2016). Utilization of Arg as a supplement during gestation 
has been suggested as a possible solution for IUGR-induced embryonic mortality and low birth 
weight (Foxcroft et al., 2009; Oksbjerg et al., 2013). A significant decrease in stillborn piglets was 
observed by Mateo et al. (2007) when sows were supplemented with L-Arg, suggesting fetal 
survivability in late gestation may benefit from additional dietary Arg. Arginine levels in fetal 
fluids have been observed to decrease over the course of gestation (Wu et al., 1995), suggesting 
demands of the fetus for specific AA are increased as gestation progresses. In this experiment, 
however, no benefits of Late-Arg (d 85 to farrowing) were observed in mortality or number of pigs 
weaned, indicating that additional Arg during a period of high nutritional demand was not 
benefitial to ability of offspring to reach weaning.  
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Commercial swine gestation diets are typically formulated to meet the minimum requirements 
of growth limiting AA, with little regard to excesses of AA. Arginine is found in relatively high 
digestible levels in corn, dried distillers grains with solubles (DDGs), and soybean meal (NRC, 
2012). Currently, recommended crude protein (CP) levels for gestation are 12 to 13%, as last 
published in NRC 1998. Recently, CP levels in commercial sow diets have been suggested to be 
excessive and may limit the effectiveness of Arg on placental development and embryo survival 
(Ji et al., 2017; Wu et al., 2017). Supporting this posit, previous trials with diets formulated to 
contain approximately 12% CP observed that Arg supplementation improved litter size (Dellavalle 
et al., 2007; Mateo et al., 2007; Mateo et al., 2008). Data from the current experiment and others 
did not observe an increase in litter size when supplemental Arg was supplied in combination with 
CP levels > 13% in the diet (Quesnel et al., 2014; Garbossa et al., 2015; Bass et al., 2017; Dallanora 
et al., 2017). Even still, some studies have observed improved offspring birth weights with Arg 
supplementation despite CP levels > 13% (Bérard and Bee, 2010; Gao et al., 2012). Based on these 
data, the interaction between Arg levels with total CP of the diet, and the effect of that interaction 
on litter size, requires more investigation. 
In this trial, the proposed hypothesis tested that dietary supplementation of 1% L-Arg (base, 
synthetic) supplied to gilts in a commercial production setting during specific stages of gilt (P0) 
gestation would improve reproductive capacity as assessed by litter characteristics and subsequent 
reproductive performance. Data from this test show that 1% L-Arg (base, synthetic), or 25 g/d of 
dietary supplementation did not provide benefits to sow reproductive performance at P0 or in 
subsequent performance to P3. All other reproductive performance parameters indicate that Arg 
supplementation during gestation provided no benefits or detriments to sow performance.  
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Overall, these data suggest that maternal dietary supplementation of 1% Arg during 
gestation had little, if any, impact on reproductive performance in P1 commercial sows. Based on 
this data, no physiological incentive is observed for producers to pursue utilization of Arg 
supplementation during gestation to improve reproductive performance of P0 sows. These data, 
taken together with existing literature, demonstrate the biological complexity of nutritional Arg 
supplementation to influence reproductive performance, underscoring the need for a better 
understanding of how increased AA can be utilized to optimize fetal development and sow 
reproductive performance in commercial production systems. 
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Table 3.1. Composition of gestation diets (as-fed)1 
Ingredient, % Control Arginine (1%) 
Corn 58.14 57.55 
Dried distillers grains with solubles, 8% oil 37.73 37.35 
Live yeast, single cell protein2 0.08 0.07 
Biotin, 200 mg 0.03 0.03 
Calcium 2.28 2.26 
Lysine (50%) 0.65 0.64 
Salt 0.32 0.31 
Antimicrobial3 0.33 0.32 
Vitamin premix4 0.15 0.15 
Choline chloride, 60% 0.15 0.15 
Zinc sulfate 0.08 0.07 
Phytase 0.05 0.05 
L-Trp 0.02 0.02 
L-Thr 0.01 0.01 
L-Arg (base, synthetic) - 1 
Red tracer - 0.03 
1From d 15 of gestation to farrow (approximately 116 d of gestation) gestation dietary treatments were provided at 2.3 
kg/d, based on timing treatment assignment.  
2Saccharomyces cerevisiae live yeast (Actisaf Sc47 HR+, Phileo, France) 
3Liquid antimicrobial blend of aqueous formaldehyde (37 % solution) and propionic acid for pathogen control in 
complete feeds (Sal CURB, Kemin USA). 
4Vitamin premix: Supplied per kilogram of diet: 3674 IU of vitamin A, 587.4 IU of vitamin D3, 13.8 IU of vitamin E, 
0.7 mg of menadione, 14.7 mg of niacin, 2.4 mg of riboflavin, 7.3 mg of pantothenic acid, 0.01 mg of vitamin B12, 4.0 
mg of folic acid, 0.1 mg of d-biotin, 0.4 mg of thiamin, 1.5 mg of pyridoxine, 88 ppm of zinc, 71.5 ppm of iron, 36.9 
ppm of manganese, 11 ppm of copper, 0.4 ppm of iodine, 0.2 ppm of selenium, 0.1 ppm of chromium, 241.9 ppm of 
Celcan 9x (Nutriquest, Mason City, IA).   
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Table 3.2. Assayed and determined dietary component analysis1 
Component, % Control Arginine (1%) 
Assayed Components   
Dry Matter 87.46 87.63 
Crude Protein 14.88 16.30 
Arg 0.65 1.28 
Cys 0.37 0.37 
His 0.54 0.53 
Leu 0.26 0.26 
Lys 1.02 1.00 
Met 0.70 0.69 
Phe 0.53 0.53 
Thr 1.60 1.58 
Trp 0.75 0.78 
Val 0.12 0.12 
SID AA Content2, %   
Arg 1.19 0.54 
Cys 0.21 0.23 
His 0.29 0.29 
Leu 1.34 1.38 
Lys 0.61 0.62 
Met 0.22 0.23 
Phe 0.57 0.59 
Thr 0.39 0.39 
Trp 0.09 0.10 
Val 0.52 0.53 
1Complete feed samples were analyzed by Ajinomoto Heartland, Inc. Chicago IL.  
2SID AA content, determined utilizing assayed total AA (%) adjusted by NRC SID values of 
diet ingredients  
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Table 3.3. Composition of lactation diet1 
Ingredient, % Lactation 
Corn 45.05 
Dried distillers grains with solubles, 8% oil 30.00 
Soybean meal 17.00 
Corn Oil 4.42 
Calcium 2.03 
Lysine, HCL 78.8 0.48 
Antimicrobial2 0.33 
Salt 0.30 
Vitamin premix3 0.15 
Choline, Liquid 70% 0.09 
L-Thr 0.08 
Phytase 0.05 
Live yeast, single cell protein4 0.03 
L-Trp 0.02 
1Supplied ad libitum to all sows at farrowing  
2Liquid antimicrobial blend of aqueous formaldehyde (37 % solution) and propionic acid 
for pathogen control in complete feeds (Sal CURB, Kemin USA). 
3Vitamin premix: Supplied per kilogram of diet: 3674 IU of vitamin A, 587.4 IU of vitamin 
D3, 13.8 IU of vitamin E, 0.7 mg of menadione, 14.7 mg of niacin, 2.4 mg of riboflavin, 7.3 
mg of pantothenic acid, 0.01 mg of vitamin B12, 4.0 mg of folic acid, 0.1 mg of d-biotin, 
0.4 mg of thiamin, 1.5 mg of pyridoxine, 88 ppm of zinc, 71.5 ppm of iron, 36.9 ppm of 
manganese, 11 ppm of copper, 0.4 ppm of iodine, 0.2 ppm of selenium, 0.1 ppm of 
chromium, 241.9 ppm of Celcan 9x (Nutriquest, Mason City, IA).   
4Saccharomyces cerevisiae live yeast (Actisaf Sc47 HR+, Phileo, France) 
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Table 3.4. Effect of maternal supplementation of 1% Arg on first parity litter performance. 
 Treatment1   
Parameter Control Early-Arg Full-Arg Late-Arg  SEM2 P-value 
Total born 14.3 14.3 14.2 14.4  0.2 0.96 
Born alive (BA) 13.2 12.8 12.9 13.3  0.2 0.37 
Stillborn (SB) 0.8 1.0 0.9 0.7  0.1 0.32 
Mummified 0.4 0.5 0.3 0.3  0.1 0.29 
Number of males 7.3 7.2 7.3 7.5  0.2 0.84 
Male, birth weight, kg 1.36 1.39 1.39 1.37  0.02 0.42 
Number of females 6.5 6.5 6.5 6.6  0.2 1.00 
Female, birth weight, kg 1.28 1.32 1.31 1.29  0.02 0.41 
BA birth weight, kg 1.35 1.38 1.39 1.35  0.02 0.20 
BA weight variation3, kg 0.06 0.05 0.06 0.06  <0.01 0.73 
Weight (BA and SB), kg 1.33 1.36 1.36 1.33  0.02 0.33 
BA + SB weight variation3, kg 0.07 0.06 0.07 0.07  <0.01 0.89 
Number pigs weaned4 11.6 11.7 11.5 11.4  0.3 0.90 
Pre-wean mortality (%) 11.5 10.2 12.4 12.2  1.5 0.64 
1Control (n = 143; 0% supplemental Arg); Early-Arg (n = 138; 1% supplemental Arg 15-45d of gestation); Full-Arg (n = 139; 1% supplemental Arg 15d of 
gestation until farrowing); and Late-Arg (n = 128; 1% supplemental Arg 85d of gestation until farrowing). 
2Maximum value of standard error of the mean. 
3Variance [an average of squared differences from the mean, ∑(x − X)ଶ/(n − 1)] was calculated utilizing offspring within each litter to gain litter variance 
for sow. Variances for each sow litter were then statistically analyzed to evaluate trends related to each treatment. 
4Number of pigs weaned. 
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Figure 3.1. Percentage of litters produced by sows receiving 1% supplemental Arg during 
P0 gestation in each of the total born (TB) classifications. A. The percentage of litters with an average litter 
size (12 to 16 TB) was increased among sows in the Full-Arg treatment, as compared to all other dietary treatments. B. The 
percentage of sows with low litter size (< 12 TB) was not different across maternal dietary treatment. C. Percentage of litters with 
a high litter size (> 16 TB) was not different across maternal dietary treatment. Differing superscripts indicate P ≤ 0.05. 
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Figure 3.2. Effect of litter size on average birth weight of offspring from sows receiving 1% 
supplemental Arg during P0 gestation. Interaction of maternal diet and litter size (P < 0.01) show increased 
similarity in birth weights of offspring across litter size class from sows supplemented with Arg during gestation, as compared to 
the Control. As evidenced by an increase in similarity of values in Early-Arg, Full-Arg, and Late-Arg across high (> 16 total born 
(TB)), average (12 to 16 TB), and low (< 12 TB) total born (TB) litter size classifications. Differing superscripts indicate P ≤ 0.05. 
 
 
Figure 3.3. Retention rate of sows receiving 1% supplemental Arg during P0 gestation over 
three parities of commercial production. All sows serviced at the start of the trial were included. All gilts that 
completed the dietary treatment and achieved P1 status were included at the measured P1 retention and utilized to measure 
retention through subsequent parities. No differences were observed in retention rate x treatment interaction (P > 0.20). 
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Figure 3.4. Reproductive performance of sows that received 1% supplemental Arg during 
P0 gestation through three parities. A. Number of total born was significantly affected by parity although was not 
influenced by maternal treatment or the interaction of maternal dietary treatment by parity (Treatment, P = 0.19; Parity, P < 0.01; 
Treatment × Parity, P = 0.35). B. Number of offspring born alive per maternal treatment across parities. (Treatment, P = 0.03; 
Parity, P < 0.01; Treatment × Parity, P = 0.35). Over all parities, average number of offspring born alive was increased in litters 
from the P1 Control maternal dietary treatment as compared to litters from the Early-Arg maternal dietary treatment (P = 0.02); 
Full-Arg and Late-Arg maternal dietary treatments were not different. This decrease may be related to timing of service from P1 
to P2, as it was during late July to September of 2016, a time that is typically related to seasonal regression in reproductive 
performance. C. Wean-to-estrus interval (WEI) for services from P1 to P2 and services from P2 to P3. (Treatment, P = 0.71; Parity, 
P = 0.52; Treatment × Parity, P = 0.96). Maternal dietary treatment during P0 gestation did not affect maternal wean to estrus 
interval. Different superscripts indicate significant (P ≤ 0.05) differences. 
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Abstract 
Arginine (Arg) is an important amino acid during pig development. However, the benefits 
of Arg during gestation on postnatal performance is ill-defined. The objective of this project was 
to evaluate the influence of Arg supplementation at different stages of gestation on offspring 
performance in a commercial swine production system. Commercial gilts (n = 548) were divided 
into four, diet by stage of gestation treatments: Control (n = 143; 0% supplemental Arg), or one of 
three dietary treatments, which were supplemented with 1% L-Arg (base, synthetic): from 15 to 
45d of gestation (n = 138; Early-Arg); 15d of gestation until farrowing (n = 139; Full-Arg); and 
85d of gestation until farrowing (n = 128; Late-Arg). All piglets born were individually identified 
and followed to weaning. At weaning, a subset of offspring was selected and followed to estimate 
carcass performance. All data were analyzed using birth weight (BiWt) and age as covariates. 
Individual wean weights (WW) tended to be increased (P = 0.06) in offspring from gilts 
supplemented with Arg, as compared to offspring from the Control maternal diet; similar 
performance was observed in pre-wean (PW) ADG (P = 0.06). Planned contrast comparisons 
revealed an increase (P = 0.03) in BiWt for piglets from dams receiving 1% L-Arg from prior to d 
45 of gestation (Early-Arg and Full-Arg; 1.38 kg/pig), as compared to pigs from dams that were 
not supplemented prior to d 45 of gestation (Control and Late-Arg; 1.34 kg). No difference in BiWt 
(1.36 kg; P = 0.68) for L-Arg supplementation after d 85 of gestation (Full-Arg and Late-Arg) was 
observed; however, WW and PW ADG were increased as compared to pigs from dams that were 
not supplemented after d 85 of gestation (Control and Early-Arg; P = 0.02). A decrease in peak 
lean accretion ADG (FIN2) was observed when dams received 1% L-Arg prior to d 45 of gestation 
(Early-Arg and Full-Arg; P = 0.05), however this was not observed in other finishing growth 
parameters or carcass characteristics, despite improvements to PW growth (P ≥ 10). Mortality rates 
tended (P = 0.07) to decrease for pigs when dams were supplemented after d 85 (3.6%) as 
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compared to pigs from dams not provided additional Arg during late gestation (4.9%). 
Collectively, these data suggest that Arg provided during late gestation may improve WW and PW 
ADG, however, finishing growth performance was unaffected, apart from a modest reduction in 
mortality. Further investigation is needed to understand the role of Arg supplementation in fetal 
development and postnatal growth in production systems. 
 
 
Key Words: swine, arginine, commercial, prenatal, programming, feed 
 
Introduction 
Individual amino acid (AA) supplementation has been extensively studied in weaned and 
growing pigs, however similar attention has not been invested in understanding the effects of AA 
supplementation to the developing fetus via maternal nutrition. It is accepted that maternal diet 
and uterine environment influence offspring metabolism and growth (Armitage et al., 2004; Wu 
et al., 2004a; Jahan-Mihan et al., 2015; Ross et al., 2015). Currently, sows used in commercial 
production possess advanced reproductive ability due to genetic improvements, yet knowledge on 
the dietary needs of the gestating sow has not improved with increasing productive capacity 
(Kraeling and Webel, 2015). Increased litter sizes have resulted in reduced birth weight (BiWt), 
presumably due to greater incidence of intrauterine growth restriction (IUGR), which is associated 
with reduced growth performance and increased mortality in IUGR offspring (Foxcroft et al., 
2007). Maternal diet may play a role in IUGR, as poor nutrition is observed to influence offspring 
development across species. This influence of maternal diet may be useful in developing 
mitigation strateties for IUGR related to increased litter sizes. Arginine (Arg) in particular has been 
thought to influence offspring BiWt (Wu et al., 2013). Traditionally considered a dispensable AA 
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for postpubertal growth and during gestation in pigs (Easter et al., 1974), Arg has recently been 
re-classified as conditionally essential for gestating sows (NRC, 2012). Additionally, Arg has 
consistently been considered an essential AA for young and growing pigs, due to deficiencies of 
Arg in sow milk and a lack of intestinal sources for endogenous synthesis of Arg in young pigs 
(Wu et al., 2004b). Arginine has also been shown to benefit fetal myogenesis (Bérard and Bee, 
2010; Garbossa et al., 2015; Madsen et al., 2017). Despite evidence of Arg utility in the developing 
fetus and young pigs, the long-term benefit to offspring productivity due to gestational 
supplementation has not been investigated in commercial settings. Therefore, the objective of this 
project was to test the hypothesis that supplementing Arg during different stages of gestation 
would influence offspring growth in a commercial swine production system. 
 
Materials and Methods 
Animals and experimental design 
All procedures involving animals were approved by the Institutional Animal Care and Use 
Committee. Animal care and well-being procedures were followed as dictated by facility standard 
operating procedures. Breeding and gilt assignment to maternal diets have been previously 
described (Chapter 3). Briefly, commercial gilts (n = 548; PIC 1050) were selected for breeding 
with pooled semen (DNA 600 boars) and assigned to one of four, stage of gestation by diet 
treatments. At farrowing, viable offspring were individually identified by maternal dietary 
treatment: Control (n = 1454; 0% supplemental Arg), or one of three supplemental Arg (1% as 
fed) treatments: from 15 to 45d of gestation (n = 1589; Early-Arg); 15d of gestation until farrowing 
(n = 1603; Full-Arg); and 85d of gestation until farrowing (n = 1451; Late-Arg). Management of 
gilts through gestation and diet treatment administration are described in detail in Chapter 3. 
Number of offspring evaluated for each growth parameter measured is summarized in Table 4.1.  
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Collection of pre-wean performance data 
Farrowing housing, treatment distribution within farrowing room, feed administration, and 
litter characteristics are described in Chapter 3. Litter parameters and individual offspring (pig) 
characteristics were recorded within 24 h of birth, including: number born alive (BA), number 
stillborn (SB), the number of mummified fetus, and individual birth weight (BiWt) of BA and SB 
pigs. Individual identification was assigned to each pig when BiWt was collected. Pre-wean 
mortality (PWM) was also collected daily. Individual wean weights (WW) were collected at 24-
48 h prior to weaning; age at WW was also recorded for calculation of lactation length and pre-
wean (PW) average daily gain (ADG). A subset of pigs received secondary identification at 
weaning to ensure collection of performance data through marketing.  
Post-wean performance and mortality 
 Pigs were weaned (17.4 ± 0.2 d) based on inventory needs of the receiving facilities and 
age. All pigs in the trial were weaned to one of two nursery facilities before final placement at a 
common grow-finish facility for post-wean growth data collection. Post-wean growth performance 
was evaluated by body weight, growth rate, carcass characteristics, and mortality prior to market. 
Body weights recorded following weaning were collected at specifically planned times 
representing different stages in growth during the finishing phase of production; these stages were: 
rapid lean growth, peak lean growth, and adipose deposition. To achieve this, individual body 
weights were recorded from selected pigs at single time points when average weight of the group 
was estimated to be 30 (FIN1), 60 (FIN2) and 100 kg (FIN3) representing the previously described 
stages of growth, respectively. Number of pigs per parameter measured can be found in Table 4.1. 
A subset of pigs was selected for carcass data collection and identified via ham tattoo. All pigs 
were shipped to a commercial abattoir on the same date for harvest and data collection. At harvest, 
hot carcass weight (HCW), lean depth (mm) and fat depth (mm) were collected as carcasses passed 
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the Fat-O-Meter and trained personnel that tracked ham tattoo for association back to collected 
carcass data. Measurements for lean depth and fat depth were utilized to calculate fat to lean ratio 
(FLr). Mortality of all tagged pigs were recorded by individual animal ID and date of death until 
FIN3.  
Statistical analysis 
Statistical analyses were performed utilizing a mixed linear regression model (Proc Mixed, 
SAS 9.0, Cary, NC) to evaluate individual pig growth performance and carcass data, with maternal 
dietary treatment, BiWt, and age at wean weight collection as fixed effects; sow and gestation pen 
were classified as random effects. Due to a 20 d breeding period for sows, dam breed wk was 
utilized as a fixed blocking effect for offspring analysis. Pigs participating in cross-foster events 
were removed from all growth performance analysis.  
As part of the experimental design, pre-planned contrast comparisons were conducted by 
comparing the following groups: Arg supplementation before d 45 of gestation, represented by 
combined Early-Arg and Full-Arg maternal treatments, for comparison to no Arg supplementation 
prior to d 45 of gestation, represented by combining Control and Late-Arg treatment groups.  
Similarly, to evaluate the effects of Arg supplementation after d 85 of gestation, Full-Arg and Late-
Arg were analyzed against no Arg supplementation represented by the combined Control and 
Early-Arg treatments.  
Mortality data was evaluated on individual pigs born into the trial, utilizing a binomial 
linear regression model (Proc GLIMMIX, SAS), with dam diet and breed wk as fixed effects, and 
random effect of dam nested within gestation pen. Age at mortality was evaluated utilizing the 
mixed linear regression model, considering maternal dietary treatment and dam breed wk as fixed 
effects while sow and gestation pen were identified as random effects. 
Standard error was estimated with a Satterthwaite adjustment for estimating degrees of 
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freedom under a random effect. All values reported are of least square mean and maximum 
estimated standard error of the mean was reported in tables for each main effect comparison. 
Comparisons between classification groups were estimated utilizing the Tukey-Kramer method. 
 
Results 
Pre-wean growth performance improved with supplementation of Arg during late stages of 
gestation 
Individual piglet BiWt (1.37 ± 0.02 kg) was not different (P = 0.20) across maternal dietary 
treatments (Table 4.2). Piglet WW tended to be increased (P = 0.06) by maternal dietary treatment 
(5.12, 5.17, 5.25, 5.36, ± 0.07 kg for Control, Early-Arg, Full-Arg and Late-Arg, respectively). 
Similarly, PW ADG tended (P = 0.06) to be affected in offspring from dams in the Late-Arg dietary 
treatment compared to Control (0.228 vs. 0.214 ± 0.004 kg/d, respectively).  
Contrast comparisons revealed increases (P = 0.03) in BiWt of offspring from sows 
receiving Arg prior to d 45 of gestation, which included Early-Arg and Full-Arg maternal dietary 
treatments, as compared to offspring from sows on the control diet from to d 45 of gestation, 
including Control and Late-Arg treatments (1.38 vs. 1.34 ± 0.01 kg, respectively; Table 2). No 
difference (P = 0.68) in BiWt (1.36 ± 0.01 kg) was observed for offspring from sows receiving 
additional L-Arg after d 85 of gestation, including Full-Arg and Late-Arg maternal dietary 
treatments, in comparison to offspring of no Arg supplementation after d 85 of gestation, including 
Control and Early-Arg maternal diets. Specific contrasts evaluating WW (5.21 vs 5.25 kg) and PW 
ADG (0.219 vs 0.221 kg/d) of piglets from dams supplemented Arg prior to d 45 of gestation 
(Early-Arg and Full-Arg) was not different (P ≥ 0.58) from sows on the control diet from to d 45 
of gestation (Control and Late-Arg; Table 4.3). In contrast, sows receiving Arg after d 85 of 
gestation (Full-Arg and Late-Arg) resulted in offspring with greater (P = 0.02) WW (5.31 vs 5.15 
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kg) and PW ADG (0.225 vs 0.215 kg/d) compared offspring from sows on the control diet (Control 
and Early-Arg) after d 85 of gestation (Table 4.4).  
Post-wean growth performance was not affected by maternal diet treatment 
Post-wean ADG of pigs was not different by treatment (Table 4.2). Offspring across 
maternal diet did not exhibit differences in weight at FIN1 (33.9, 34.5, 35.7, 34.8 ± 1.4 kg) for 
Control, Early-Arg, Full-Arg or Late-Arg (P = 0.82). Similarly, ADG from weaning until FIN1 
was not different (P = 0.82) across maternal dietary treatments. This pattern of similar growth (P 
≥ 0.17) among treatments continued through to the time when FIN3 data was collected (Table 1). 
Overall growth performance, illustrated as ADG from birth to FIN3, was also not different (P = 
0.67) between diets (Table 4.2). Contrast comparisons revealed a difference (P = 0.05) in growth 
rate during the peak lean accretion phase (30 to 60 kg) with an increase in ADG in Control and 
Late-Arg offspring (0.829 kg/d) as compared to Early-Arg and Full-Arg offspring (0.799 kg/d). 
Additional differences, however, were not observed (P ≥ 10) in other FIN parameters or carcass 
characteristics due to maternal Arg supplementation during early or late gestation (Tables 4.3 and 
4.4).  
Supplementation of Arg during gestation did not improve carcass characteristics of offspring 
Carcass characteristics were not affected by maternal dietary treatment. Hot carcass weight 
was similar (P = 0.67) across maternal dietary treatment, with 84, 85, 86, and 85 ± 0.02 kg from 
offspring of Control, Early-Arg, Full-Arg, and Late-Arg, respectively (Table 4). Carcass 
characteristics of lean depth and fat depth were also not different (P ≥ 0.94) by treatment (Table 
4). Finally, FLr ratio was similar between treatments (P = 0.97), with an average FLr of 0.32 (± 
0.02) for offspring evaluated at harvest (Table 4.5). 
Offspring mortality rate was not improved by maternal dietary supplementation of Arg  
Total PWM was not different (P = 0.64) across maternal dietary treatment (Table 4.6), with 
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similar results in the 24 h post-birth (P = 0.65) and total mortality during lactation (P = 0.73). Post-
wean pig mortality was recorded through the nursery and grower phase, until FIN3 data was 
collected. Overall pig mortality rate, from birth to FIN3, was similar by treatment (P = 0.99).  
Contrast comparisons showed a tendency for decreased mortality rates in offspring from 
sows receiving Arg after d 85 (Full-Arg and Late-Arg maternal dietary treatments) of gestation 
compared to offspring from sows on the control diet after d 85 (Control and Early-Arg maternal 
dietary treatments) of gestation (3.6 vs. 4.9 ± 0.6 %; P = 0.07; Table 7). No treatment differences 
were observed in any other contrast comparisons for offspring performance (Table 4.7 & 4.8). 
Discussion 
Recent increases in litter size of commercial sows has been associated with reduced BiWt, 
presumably due to intrauterine crowding leading to IUGR and subsequent reduction in growth 
performance and survivability (Foxcroft et al., 2006). Pigs that experience IUGR are at a greater 
risk for low BiWt, reduced capacity for efficient gain, and increased morbidity and mortality rates 
(Alvarenga et al., 2013; Kraeling and Webel, 2015). The minimal growth in weaned pig numbers 
supports the observed trend for greater total mortality with increasing litter size (Ball et al., 2007; 
Ladinig et al., 2014). Increases and decreases in BiWt or WW is correlated to improved growth 
capacity later in life (Peterson and Ellis, 2008), and maternal diet is known to impact offspring 
development across species. Due to this influence, strategies influence piglet BiWt and subsequent 
survival and growth performance through maternal diet represents an opportunity to improve 
swine industry productivity and minimizing mortality.  
Arginine has been observed in multiple studies to increase piglet BiWt, as reviewed by Wu 
et al. (2013); however, long term benefits for offspring growth and productivity has not been 
thoroughly investigated.  In this experiment, a tendency for increased WW and PW ADG was 
observed in offspring from gilts receiving 1% additional L-Arg (base, synthetic) during late stages 
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of pregnancy (after d 85 of gestation). Currently, knowledge on metabolic partitioning of specific 
nutrients from maternal blood stream towards fetal and placental function is sparse, though it is 
known that dramatic changes in maternal nutrition during gestation can influence offspring 
metabolism (Foxcroft et al., 2006; De Rooij et al., 2006). Specifically, changes to tissue formation, 
such as skeletal muscle (Waylan et al., 2005; Rehfeldt et al., 2011; Hines et al., 2013) and adipose 
(Satterfield et al., 2012) have been observed with nutrient specific changes to maternal diets. 
Maternal supplementation of Arg during gestation is thought to influence muscle fiber number 
(Bérard and Bee, 2010; Oksbjerg et al., 2013; Madsen et al., 2017) or muscle fiber diameter 
(Garbossa et al., 2015). In the Garbossa et al. (2015) study, offspring followed through production 
had increased birth and nursery weights after Arg supplementation during gestation, although these 
improvements waned in the grower and finishing phases of production. Like the current 
experiment, Garbossa et al. found no consistent differences in post-wean growth performance, 
despite evidence of improved performance in PW ADG due to Arg supplementation. In contrast 
to the current work, Garbossa observed increases in HCW of male offspring at 142 d of age from 
Arg supplemented sows (Garbossa et al., 2015). Improvements to WW are generally accepted as 
influential on post-wean growth, however there are numerous factors in finishing production that 
might influence pig growth and final carcass performance.  
Transportation, dietary restrictions, environmental conditions, competition within pen, and 
health challenges are all production components that can influence growth performance of post-
wean pigs. Pigs with heavier WW demonstrate superior development of the digestive system and 
survival (Wattanakul et al., 2007), both of which may reduce the negative effects of post-wean 
stress experienced by weanling pigs in transition to new facilities and diet. Pigs that are 
nutritionally restricted during lactation or immediately post-weaning also exhibit differences in 
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growth performance (Wattanakul et al., 2007; Peterson and Ellis, 2008). Additionally, larger BiWt, 
and subsequently larger WW, pigs have an increased likelihood of achieving full-value at market 
(Fix et al., 2010), as compared to smaller counterparts. In the current work, contrast comparisons 
utilized to better understand timing of maternal diet indicated that offspring receiving late Arg 
supplementation (after d 85 of gestation) in this experiment had increased WW and PW ADG; 
however, the observed response was only a tendency. This may indicate that the effect of Arg may 
be limited to benefits to the ability of the sow to provide nutrition to offspring during lactation, 
and not represent improved development.  
Mammary development and lactation performance of the sow, resulting in improved quantity 
and/or quality of milk, can improve the growth of the offspring during lactation. Specific AA 
supplementation may influence lactation performance. Arginine is readily utilized by mammary 
gland tissues, but thought to not impact milk quality, as Arg levels are not increased in milk when 
supplemented during lactation (Rezaei et al., 2016). In support of mammary utilization, Arg has 
been implicated in improving sow lactation performance when fed during late gestation by 
improving protein and lactose concentration of milk (Krogh et al., 2016), improve BiWt (Bass et 
al., 2017) and weight gain of suckling pigs (Zhu et al., 2017). Interestingly, Krogh et al. (2015) 
observed improvements to finishing performance in offspring due to supplementation of Arg 
during lactation, with no improvements in pig body weight gain during lactation. Based on these 
trials, the results of this experiment may indicate that starting supplementation at d 85 of gestation 
may improve lactation performance in the sow, without providing lasting effects on the offspring.  
Results of this study suggest that benefits of Arg during gestation may influence offspring 
performance as an extension of lactation performance. More research is needed to understand the 
AA requirements of the sow and the developing offspring prior to or during gestation to understand 
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the effects of maternal nutrition on prenatal programming that provides lasting effects on post-
weaning growth performance.  
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Table 4.1. Number of pigs for each parameter of growth measured. 
 Treatments1 
 Control Early-Arg Full-Arg Late-Arg 
Parameter n n n n 
BiWt2 1454 1589 1603 1451 
WnWt3 1340 1462 1473 1321 
FIN14 473 635 528 424 
FIN25 515 686 518 442 
FIN36 192 194 215 211 
1Parameter estimate contrasts from offspring born to maternal dietary treatments of Control (n = 
143; 0% supplemental arginine) and Late-Arg (n = 128; 1% supplemental arginine 85d of 
gestation until farrowing) as compared to parameter estimate contrasts from offspring born to 
maternal dietary treatments of Early-Arg (n = 138; 1% supplemental arginine 15-45d of gestation) 
and Full-Arg (n = 139; 1% supplemental arginine 15d of gestation until farrowing). 
2Average birth weights (within 24 h post birth) of pigs born alive (BA). As reported in Chapter 3. 
3Wean weight, collected approximately 24 to 48 h prior to weaning.  
4Finishing weight 1, recorded when average weight of group was estimated to be at 30 kg, 
representing rapid lean growth.  
5Finishing weight 2, recorded when average weight of group was estimated to be at 60kg, 
representing peak lean growth. 
6Finishing weight 3, recorded when average weight of group was estimated to be at 100kg, 
representing adipose accumulation.  
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Table 4.2. Effect of maternal dietary supplementation of 1% Arg and timing during gestation on offspring growth performance. 
 
Treatment1    
Parameter Control Early-Arg Full-Arg Late-Arg  SEM2 P-value 
BiWt3, kg 1.35 1.38 1.39 1.35  0.02 0.20 
WW Age4, d 17.7 17.5 17.2 17.4  0.2 0.33 
WW5, kg 5.12 5.17 5.25 5.36  0.07 0.06 
PW ADG6, kg/d 0.214 0.217 0.221 0.228  0.004 0.06 
FIN17, kg 33.9 34.5 35.7 34.8  1.4 0.82 
Wean to FIN1 ADG8, kg/d 0.43 0.44 0.45 0.44  0.01 0.82 
FIN29, kg 63.3 63.8 63.4 64.0  1.3 0.97 
FIN1 to FIN2 ADG10, kg/d 0.82 0.79 0.81 0.83  0.02 0.17 
FIN311 weight, kg 101.5 98.6 105.3 100.8  6.2 0.75 
FIN2 to FIN3 ADG12 kg/d 1.05 1.10 1.08 1.05  0.04 0.42 
Birth to FIN3 ADG13, kg/d 0.67 0.68 0.69 0.66  0.02 0.67 
1Control (n = 143; 0% supplemental arginine); Early-Arg (n = 138; 1% supplemental arginine 15-45d of gestation); Full-Arg (n = 139; 1% supplemental arginine 15d of 
gestation until farrowing); and Late-Arg (n = 128; 1% supplemental arginine 85d of gestation until farrowing). 
2 Maximum value of standard error of the mean for all treatments. 
3Average birth weights (within 24 h post birth) of all pigs born alive (BA). As reported in Chapter 3. 
4Wean weight Age, age of offspring post birth when wean weights were collected. Weaning occurred approximately 24-48 h post-wean weight collection. 
5Wean weight, collected approximately 24 to 48 h prior to weaning. 
6Pre-wean average daily gain, wean weight - birth weight/wean weight age. 
7Finishing weight 1, recorded when average weight of group was estimated to be at 30 kg, representing rapid lean growth.  
8Average daily gain from wean to FIN1. 
9Finishing weight 2, recorded when average weight of group was estimated to be at 60 kg, representing peak lean growth. 
10Average daily gain from FIN1 to FIN2. 
11Finishing weight 3, recorded when average weight of group was estimated to be at 100kg, representing adipose accumulation.  
12Average daily gain from FIN2 to FIN3. 
13Average daily gain from birth to adipose accumulation phase, or when average weight of the group was estimated to be at 100kg. 
abc Differing superscripts, within a row, differ by P ≤ 0.05. 
xyz Differing superscripts, within a row, differ by P < 0.10. 
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Table 4.3. Contrasts of maternal dietary supplementation of 1% Arg prior to d 45 of gestation on offspring growth performance. 
Contrasts    
 After d 45 Prior to d 45    
Parameter Control & Late-Arg1 Early-Arg & Full-Arg1  SEM2 P-value 
BiWt3, kg 1.34 1.38  0.01 0.03 
WW4, kg 5.25 5.21  0.05 0.59 
PW ADG5, kg/d 0.221 0.219  0.003 0.58 
FIN16, kg 34.36 35.08  0.98 0.60 
WW to FIN1 ADG7, kg/d 0.434 0.444  0.009 0.43 
FIN28, kg 63.69 63.66  0.87 0.98 
FIN1 to FIN2 ADG9, kg/d 0.829 0.799  0.011 0.05 
FIN310 weight, kg 101.42 102.27  5.21 0.85 
FIN2 to FIN3 ADG11 kg/d 1.052 1.094  0.036 0.10 
Birth to FIN3 ADG12, kg/d 0.67 0.68  0.02 0.24 
1Parameter estimate contrasts from offspring born to maternal dietary treatments of Control (n = 143; 0% supplemental arginine) and Late-Arg (n = 128; 1% supplemental arginine 
85d of gestation until farrowing) as compared to parameter estimate contrasts from offspring born to maternal dietary treatments of Early-Arg (n = 138; 1% supplemental arginine 
15-45d of gestation) and Full-Arg (n = 139; 1% supplemental arginine 15d of gestation until farrowing). 
2 Maximum value of standard error of the mean for all treatments. 
3Average birth weights (within 24 h post birth) of all pigs born alive (BA). As reported in Chapter 3. 
4Wean weight, collected approximately 24 to 48 h prior to weaning.  
5Pre-wean average daily gain, wean weight - birth weight/wean weight age. 
6Finishing weight 1, recorded when average weight of group was estimated to be at 30 kg, representing rapid lean growth.  
7Average daily gain from wean to FIN1. 
8Finishing weight 2, recorded when average weight of group was estimated to be at 60kg, representing peak lean growth. 
9Average daily gain from FIN1 to FIN2. 
10Finishing weight 3, recorded when average weight of group was estimated to be at 100kg, representing adipose accumulation.  
11Average daily gain from FIN2 to FIN3. 
12Average daily gain from birth to adipose accumulation phase, or when average weight of the group was estimated to be at 100kg.  
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Table 4.4. Contrasts of maternal dietary supplementation of 1% Arg after d 85 of gestation on offspring growth performance.  
 
Contrasts     
 Prior to d 85 After d 85     
Parameter Control & Early-Arg1 Full-Arg & Late-Arg1  SEM1 P - value  
BiWt3, kg 1.36 1.36  0.01 0.68  
WW4, kg 5.15 5.31  0.05 0.02  
PW ADG5, kg/d 0.215 0.225  0.003 0.02  
FIN16, kg 34.1 35.3  1.0 0.44  
WW to FIN1 ADG7, kg/d 0.435 0.443  0.009 0.52  
FIN28, kg 63.6 63.8  0.9 0.89  
FIN1 to FIN2 ADG9, kg/d 0.806 0.822  0.011 0.27  
FIN310 weight, kg 100.4 103.3  5.3 0.51  
FIN2 to FIN3 ADG11 kg/d 1.080 1.066  0.036 0.59  
Birth to FIN3 kg 0.676 0.674  0.017 0.87  
1Parameter estimate contrasts from offspring born to maternal dietary treatments of Control (n = 143; 0% supplemental arginine) and Early-Arg (n = 138; 1% supplemental arginine 
15-45d of gestation) as compared to parameter estimate contrasts from offspring born to maternal dietary treatments of Full-Arg (n = 139; 1% supplemental arginine 15d of gestation 
until farrowing) and Late-Arg (n = 128; 1% supplemental arginine 85d of gestation until farrowing). 
2 Maximum value of standard error of the mean for all treatments. 
3Average birth weights (within 24 h post birth) of all pigs born alive (BA). As reported in Chapter 3. 
4Wean weight, collected approximately 24 to 48 h prior to weaning.  
5Pre-wean average daily gain, wean weight - birth weight/wean weight age. 
6Finishing weight 1, recorded when average weight of group was estimated to be at 30 kg, representing rapid lean growth.  
7Average daily gain from wean to FIN1. 
8Finishing weight 2, recorded when average weight of group was estimated to be at 60kg, representing peak lean growth. 
9Average daily gain from FIN1 to FIN2. 
10Finishing weight 3, recorded when average weight of group was estimated to be at 100kg, representing adipose accumulation.  
11Average daily gain from FIN2 to FIN3. 
12Average daily gain from birth to adipose accumulation phase, or when average weight of the group was estimated to be at 100kg. 
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Table 4.5. Effect of maternal dietary supplementation of 1% Arg and timing during gestation on offspring carcass 
characteristics.  
 Treatment1    
Parameter Control Early-Arg Full-Arg Late-Arg  SEM2 P-value 
HCW3, kg 84.3 84.5 85.5 84.9  0.02 0.67 
Loin depth4, mm 54.2 54.4 53.7 54.0  1.49 0.94 
Fat depth5, mm 16.7 16.7 16.7 16.8  0.69 0.99 
FLr6 0.31 0.31 0.32 0.32  0.02 0.97 
1Offspring from sows supplemented with Arg during gestation. Number of sows per treatment, Control (n = 143; 0% supplemental arginine); Early-Arg (n = 138; 1% supplemental 
arginine 15-45d of gestation); Full-Arg (n = 139; 1% supplemental arginine 15d of gestation until farrowing); and Late-Arg (n = 128; 1% supplemental arginine 85d of gestation 
until farrowing). 
2 Maximum value of standard error of the mean for all treatments. 
3Hot carcass weight. 
4Loin depth, mm measured at 10th rib. 
5Fat depth, mm measured at 10th rib. 
6Fat to lean ratio, calculated as fat/lean. 
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Table 4.6. Effect of maternal dietary supplementation of 1% Arg and timing during supplementation on offspring mortality.  
 Treatment1    
Parameter Control Early-Arg Full-Arg Late-Arg  SEM2 P-value 
Pre-Wean Mortality3, % 11.5 10.2 12.4 12.2  1.5 0.64 
24 hr. mortality4, % 5.2 3.7 4.9 4.5  1.0 0.65 
PWM, dead post 245, % 6.4 6.7 7.5 7.8  1.1 0.73 
Post-Wean Mortality6, % 4.4 5.4 3.8 3.5  0.9 0.24 
Age at mortality, post placement 72.8 73.0 82.5 70.2  7.1 0.58 
All mortality, birth to 100 kg7, % 15.6 15.1 15.8 15.5  1.7 0.99 
1Control (n = 143; 0% supplemental arginine); Early-Arg (n = 138; 1% supplemental arginine 15-45d of gestation); Full-Arg (n = 139; 1% supplemental arginine 15d of gestation 
until farrowing); and Late-Arg (n = 128; 1% supplemental arginine 85d of gestation until farrowing). 
2 Maximum value of standard error of the mean for all treatments. 
3Total mortality, from birth to weaning. Previously reported in Chapter 3. 
4Mortality rate of pigs born alive that died or were euthanized prior to 24 h of life. 
5Mortality rate of pigs born alive that died or were euthanized post 24 h of life. 
6Mortality rate of pigs weaned to finishing. 
7Mortality rate of all offspring, from birth to finishing. 
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Table 4.7. Contrasts of maternal dietary supplementation of 1% Arg prior to d 45 of gestation on mortality rates of offspring, 
birth through finishing. 
 
Contrasts     
 Prior to d 45 Control Prior to d 45 Arg     
 Control & Late-Arg1 Early-Arg & Full-Arg1  SEM2 P-value  
Pre-Wean Mortality3, % 11.9 11.3  1.0 0.67  
24 hr. mortality, % 4.8 4.2  0.7 0.51  
PWM, dead post 24, % 7.1 7.1  0.7 0.96  
Post-Wean Mort, % 3.9 4.5  0.5 0.41  
All mortality, birth to 100 kg, % 15.5 15.4  1.2 0.95  
1Parameter estimate contrasts from offspring born to maternal dietary treatments of Control (n = 143; 0% supplemental arginine) and Late-Arg (n = 128; 1% supplemental arginine 
85d of gestation until farrowing) as compared to parameter estimate contrasts from offspring born to maternal dietary treatments of Early-Arg (n = 138; 1% supplemental arginine 
15-45d of gestation) and Full-Arg (n = 139; 1% supplemental arginine 15d of gestation until farrowing) 
2 Maximum value of standard error of the mean for all treatments. 
3Total mortality, from birth to weaning 
4Mortality rate of pigs born alive that died or were euthanized prior to 24 h of life 
5Mortality rate of pigs born alive that died or were euthanized post 24 h of life 
6Mortality rate of pigs weaned to finishing. 
7Mortality rate of all offspring, from birth to finishing 
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Table 4.8. Contrasts of maternal dietary supplementation of 1% Arg after d 85 of gestation on mortality rates of offspring, birth 
through finishing. 
 
Contrasts     
 After d 85 Control After d 85 Arg     
Parameter Control & Early-Arg1 Full-Arg & Late-Arg1  SEM2 P-value  
Pre-Wean Mortality3, % 10.9 12.3  1.0 0.28  
24 hr. mortality4, % 4.3 4.7  0.7 0.71  
PWM, dead post 245, % 0.6 0.7  0.8 0.27  
Post-Wean Mort6, % 4.9 3.6  0.6 0.07  
All mortality, birth to 100 kg7, % 0.6 0.5  1.2 0.84  
1Parameter estimate contrasts from offspring born to maternal dietary treatments of Control (n = 143; 0% supplemental arginine) and Early-Arg (n = 138; 1% supplemental arginine 
15-45d of gestation) as compared to parameter estimate contrasts from offspring born to maternal dietary treatments of Full-Arg (n = 139; 1% supplemental arginine 15d of gestation 
until farrowing) and Late-Arg (n = 128; 1% supplemental arginine 85d of gestation until farrowing). 
2 Maximum value of standard error of the mean for all treatments. 
3Total mortality, from birth to weaning. 
4Mortality rate of pigs born alive that died or were euthanized prior to 24 h of life. 
5Mortality rate of pigs born alive that died or were euthanized post 24 h of life. 
6Mortality rate of pigs weaned to finishing. 
7Mortality rate of all offspring, from birth to finishing. 
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Abstract 
Increasing litter size in recent years has coincided with decreasing birth weights and 
increasing mortality. Despite this, market weights have steadily risen and d to market has 
decreased over the same period indicating an increase in growth rate and capacity. It is commonly 
accepted that birth weight influences piglet performance to market although the interaction of birth 
weight within litter size is not commonly evaluated. The objective of this study was to evaluate 
the effect of litter size and birth weight on pig performance in post-weaning commercial 
conditions. To achieve this, 5,926 piglets were weighed within 24 h of birth, individually 
identified, and a subset were monitored through marketing. Following data collection at farrowing, 
piglets were classified by birth weight and litter size. Birth weight classifications (BWC) were 
large (≥ 1.65 kg; LG-kg), medium (1.06 to 1.64 kg; MD-kg), or small (≤ 1.05 kg; SM-kg). Litter 
size classification (LSC) was assigned according to total number of piglets born (TB), with High 
(≥ 17; Hi-TB), Average (12-16; Av-TB), or Low (≤ 11; Lo-TB) based the normal distribution of 
the group. Statistical analyses were performed utilizing a mixed linear regression model to evaluate 
pig performance by fixed effects of BWC, LSC, or the interaction. Birth weight was correlated to 
growth performance from birth to 100 kg (r = 0.32; P < 0.01). As expected, all growth performance 
and carcass parameters were influenced by BWC (P ≤ 0.09). Pig mortality rates were also 
influenced by BWC (P < 0.01). Birth weight, wean weight, and pre-wean ADG decreased with 
increased LSC (P < 0.01), however these effects of LSC on body weight and gain diminished in 
post-weaning and carcass performance (P ≥ 0.13). Mortality was increased (P < 0.01) in Hi-TB as 
compared to Av-TB and Lo-TB. No interaction of BWC and LSC were observed (P ≥ 0.19). 
Overall, this work shows that BWC affected lifetime performance, however LSC did not affect 
performance from 30 kg to market. Further, the reduction in overall birth weight in Hi-TB did not 
affect the post-wean performance when compared to Av-TB or Lo-TB. More research is needed 
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to understand the interactive effects on growth to market to better prepare small pigs for marketing 
under commercial conditions, regardless of litter size.  
 
Key Words: swine, commercial, reproduction, litter, birth, weight 
 
Introduction 
Piglet birth weight is an indicator of superior growth performance in both the pre-wean 
(PW) and post-wean phases of growth (Pond et al., 1981) as well as a predictor of survivability 
through marketing (Gondret et al., 2006). Piglet birth weight is reduced with increasing number of 
pigs born per litter, and an estimated 10 to 30% of offspring produced are at risk of intra-uterine 
growth restriction (IUGR) during development (Foxcroft et al., 2006; Amdi et al., 2013). The 
incidence of IUGR in swine is classically identified as offspring with exceptionally small birth 
weights (< 1 kg) and decreased desirable production traits, such as growth rates, survival, and meat 
quality at harvest (Gondret et al., 2006; Alvarenga et al., 2013).  
The incidence of IUGR is linked to reduced placental surface area (Roberts et al., 2001) 
due to suboptimal maternal nutrition (Hard and Anderson, 1979; Barker, 1995; Vonnahme 2006) 
or limited uterine capacity (Anderson, 1978; Wilson, 2001; Vonnahme et al., 2002). Small birth 
weight and suspected IUGR pigs have reduced abdominal circumference (Douglas et al., 2016) 
lighter organ weights, reduced hepatic glycogen, and a reduced ability to obtain adequate 
colostrum (Amdi et al., 2013); a scenario that results in reduced wean weight (Matheson et al., 
2017). It has also been shown that small birth weights are associated with an increased incidence 
of mortality as compared to their heavier litter mates (Tuchscherer et al., 2000; Beaulieu et al., 
2010; Putz et al., 2015). However, the role of birth weight through market performance is rarely 
reported in commercial production (Galiot et al., 2018).  
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Therefore, the objective of this analysis was to evaluate the effect of classifying litter size 
and birth weight on post-wean performance and survivability in pigs raised under commercial 
conditions. Based on previous literature, the hypothesis of this work is that decreasing birth weight 
classification and increasing litter size classification will negatively impact growth performance, 
mortality, and carcass performance.  
 
Materials and Methods 
Animals and experimental design 
All procedures involving animals were approved by the Institutional Animal Care and Use 
Committee, Iowa State University. Data for this analysis were obtained from the previously 
described experiments in Chapter 3 and 4. Briefly, commercially reared pubertal gilts (n = 548; 
PIC 1050, Hendersonville, TN) were selected for breeding and enrolled on trial in the spring of 
2016. Gilts (240 d of age; at least 1 prior estrus) were selected by farm staff and serviced twice via 
artificial insemination with pooled semen (DNA 600, Columbus, NE) before placement in 
gestation pens (15 head/pen); filling 16 pens total, approximately 2.3 pens filled per d. Individual 
gilts that required removal from the group gestation pen were recorded as removed from the test 
pen and removed from the study.    
 
Farrowing and litter data collection 
Full details on housing, feed administration, and litter characteristics are described in 
Chapter 3. At farrowing, the number of pigs born in total (TB), alive (BA), stillborn (SB), and 
mummified fetuses (MM) were collected to characterize the litters. Litter sizes classifications 
(LSC) were utilized to evaluate performance based on the total number of pigs gestated within 
each litter and were assigned as Lo-TB (11 or less TB), Av-TB (12-16 TB) or Hi-TB (17 or greater 
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TB). Fully formed piglets (BA and SB combined) were individually identified and weighed at 
birth, however, those that were deemed for immediate euthanasia because of low viability, 
deformity, or injury, were recorded as BA and included in litter characteristics records without 
receiving an individual identification number. Individual pigs, 5,926, were then classified by birth 
weight class (BWC) as LG-kg (1.35 kg or greater), MD-kg (1.1 kg to 1.34 kg), or SM-kg (1 kg or 
less at birth) to understand the effect of birth weight on growth within and outside the normal 
distribution of birth weights.  
Pre-weaned mortality (PWM) was recorded for each litter. Individual wean weights (WW) 
were collected on all identified pigs at 24 to 48 h prior to weaning; wean weight age was also 
recorded for calculation of lactation length and average daily gain (ADG). A subset of pigs were 
selected to follow for evaluation of carcass characteristics. Cross-fostering occurred during the 
time of the trial as a part of farm production management. A total of 483 litters were represented 
in this dataset, 10% of litters represented were subject to cross-fostering, however only piglets that 
did not participate in cross-foster events were utilized for this analysis. 
 
Post-wean performance and mortality 
 Pigs were weaned based on inventory needs of the receiving facility and age (17.4 ± 0.2 
d). All pigs in the trial were weaned to one of two nursery facilities before final placement at a 
common grow finish facility for post-wean data collection. Post-wean growth performance was 
assessed by growth rate, mortality through finishing and carcass characteristics at harvest. Post-
wean weights were collected at specifically planned stages in growth, represented by estimated 
average weights. Post-wean growth performance was evaluated by weight collected at specific 
stages of tissue accretion, as described in Chapter 4 of this dissertation. Individual post-wean 
weights were collected at target weights of 30 kg (FIN1), 60 kg (FIN2) and 100 kg (FIN3) 
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representing phases of early lean growth, peak lean growth and accumulation of adipose, 
respectively. Following harvest, hot carcass weight (HCW), lean depth (mm) and back fat (mm) 
data were recorded. Mortality was recorded by individual pig ID and date of death until FIN3. 
Number of offspring evaluated for each growth parameter measured is summarized in Table 5.1. 
 
Statistical analysis 
Statistical analyses were performed to evaluate individual pig performance data. Pig 
performance was evaluated by BWC, LSC, or the interacting effects of both utilizing a mixed 
linear regression model (Proc Mixed, SAS 9.0, Cary, NC). Fixed effects also included dam breed 
wk. Dam and gestation pen were applied as random effects. Cross-foster events were removed 
from analysis. Standard error was estimated with a Satterthwaite adjustment for estimating degrees 
of freedom under a random effect. All values reported are of least square mean and maximum 
estimated standard error of the mean was reported in tables for each main effect comparison. 
Comparisons between classification groups were estimated utilizing the Tukey-Kramer method. 
Mortality data was evaluated on individual pigs born into the trial, utilizing a binomial linear 
regression model (Proc GLIMMIX, SAS), BWC, LSC, or both and breed wk as fixed effects. 
 
Results 
Birth weight is moderately correlated to growth performance  
Overall, birth weight was correlated (r = 0.32; P < 0.01) to lifetime (birth to 100 kg) growth 
(Fig. 5.1A). Correlation of growth performance to birth weight waned over time, with PW ADG 
having a greater correlation to birth weight (r = 0.42) than FIN1 (r = 0.32), FIN2 (r = 0.20), and 
FIN3 (r = 0.15) ADG (P < 0.01; Fig. 5.1B). 
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Small pigs perform similarly regardless of litter size  
 Of all pigs evaluated, 16, 67, and 17% were classified as LG-kg, MD-kg, or SM-kg, 
respectively (Table 5.2). These pigs represented 438 litters classified as Hi-TB (17.6%), Av-TB 
(71.9%), and Lo-TB (15.5%) for this analysis (Table 5.3). Analysis of interaction between BWC 
and LSC revealed a differential distribution of birth weights among LSC, with 29.5% of pigs born 
to Hi-TB being classified as SM-kg, as compared to only 11.6% of Lo-TB pigs. Inversely, just 
5.8% of pigs born to Hi-TB litters were classified as LG-kg, as compared to 29.6% of pigs born to 
Lo-TB litters (Table 5.4). 
As expected, birth weight was different (P < 0.01) for BWC (Table 5.2) of LG-kg, MD-
kg, and SM-kg (1.75, 1.36, and 0.93 ± 0.01 kg, respectively) and across LSC (Table 5.3) of Hi-
TB, Av-TB and Lo-TB (1.23, 1.38, 1.46 ± 0.02 kg, respectively). The interaction of BWC and 
LSC influenced (P < 0.01) piglet birth weight wherein birth weight of SM-kg pigs across LSC 
were similar while piglets classified as LG-kg had greater birth weight if they originated from Lo-
TB litters as compared to Av-TB or Hi-TB litters (Table 5.3). Alternatively, birth weight in MD-
kg BWC pigs was reduced (P < 0.01) in Hi-TB litters as compared to Av-TB and Lo-TB (Table 
5.4). 
 
Pre-wean growth performance was influenced by BWC and LSC  
Classifications by BWC and LSC influenced (P < 0.01) WW and PW ADG. Wean weight 
was increased 22% in LG-kg and decreased 32% in SM-kg as compared to WW of MD-kg pigs. 
Similarly, PW ADG was increased in LG-kg pigs 9% and decreased 18% in SM-kg pigs (Table 
5.2). A lesser effect of LSC was observed on WW and PW ADG with an increase in WW and PW 
ADG of 10% from Lo-TB and a 9% decrease in Hi-TB, as compared to respective measurements 
from Av-TB (Table 5.3). No interactions of BWC or LSC were observed (Table 5.4).  
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Post-wean performance was influenced by BWC, but not LSC or the interaction 
Post-wean growth performance was similarly affected (P < 0.01) by BWC (Table 5.2). 
Average daily gain for FIN1, FIN2, FIN3, were increased (P < 0.01) for LG-kg and MD-kg pigs, 
as compared to SM-kg (P < 0.01). However, ADG of LG-kg pigs were similar (P > 0.10) to MD-
kg pigs at FIN2 (0.84 vs. 0.82 ± 0.02 kg/d, respectively), and only tended to be increased (P < 
0.10) over MD-kg pigs at FIN3 (1.11 vs. 1.07 ± 0.04 kg/d, respectively). Overall ADG, from birth 
to FIN3 was increased (P < 0.01) with increasing BWC (Table 5.2). Post-wean growth was 
influenced by LSC from weaning to FIN1 (P = 0.01), with pigs from Lo-TB having increased 
ADG as compared to Hi-TB, and a tendency (P < 0.10) to be greater than Av-TB. This difference 
diminished with advancing age, with no difference (P ≥ 0.38) observed in ADG at FIN2, FIN3, or 
from birth to FIN3 (Table 5.3). No interactions (P ≥ 0.44) were observed for ADG at FIN1, FIN2, 
FIN3, or birth to FIN3 (Table 5.4). 
 
Mortality rate was increased in SM-kg and Hi-TB LSC pigs 
 Overall, BWC affected mortality rate (P < 0.01), with increased mortality rates observed 
with decreasing BWC for PW and total mortality (Fig. 5.2). SM-kg pigs had the greatest mortality 
rates for PW (23.4 ± 1.3%) and total (28.8 ± 1.4%) mortality, when compared to MD-kg (9.8 ± 
0.5% and 13.8 ± 0.6%) and LG-kg (4.6 ± 0.7 and 8.0 ± 0.9%) BWC for PW and total mortality, 
respectively. Finishing mortality, however, was not different between LG-kg (3.0 ± 0.5%) and 
MD-kg (4.4 ± 0.5%), while SM-kg mortality (8.3 ± 1.4%) was increased (Fig 5.2B).  
Pig LSC influenced mortality, with PW mortality (Fig. 5.3A) of pigs increased (P < 0.01) 
for Hi-TB (11.3 ± 0.9%) LSC pigs, in comparison to Av-TB (8.0 ± 0.3%) and Lo-TB (6.2 ± 1.0%) 
LSC, which were not different (P = 0.29) between each other. Total mortality was increased (P < 
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0.01) in Hi-TB (16.0 ± 1.0%), as compared to pigs from Av-TB (12.0 ± 0.5%). Total mortality 
(Fig. 5.3C) tended to be increased (P = 0.06) in Hi-TB as compared to Lo-TB (11.9 ± 1.4%) but 
was not different (P = 0.10) for pigs from Av-TB as compared to Lo-TB. Finishing mortality was 
not different across LSC (Fig. 5.3B). No interaction of BWC and LSC were observed for PW or 
FIN mortality (Table 5.3). 
 
Carcass characteristics were affected by BWC, but not LSC 
 Like differences observed in post-wean ADG, HCW (87.5, 84.5, and, 79.2 kg for LG-kg, 
MD-kg, and SM-kg pigs, respectively) was greater (P < 0.01) with larger BWC (Table 5.2). 
Increased (P = 0.03) fat depth was observed in LG-kg (17.0 mm) as compared to SM-kg pigs (15.5 
mm), however MD-kg (16.5 mm) was similar across classifications (P = 0.10). Loin depth only 
tended to be increased (P = 0.09) for LG-kg as compared to SM-kg (Table 5.2). Carcass 
characteristics were not influenced (P ≥ 0.13) by LSC (Table 5.3), nor was there an interaction (P 
≥ 0.19) of BWC and LSC (Table 5.4) when pigs were marketed at a similar time point.  
 
Discussion 
In recent years as the swine industry continues to come closer to achieving the production 
of 30 pigs per sow per year has influenced the litter size of the modern commercial sow to reach 
14 TB (Stalder, 2016). However, increased litter sizes are at higher risks of having low birth weight 
(< 1 kg) piglets (Milligan et al., 2001). It is currently estimated that 10 to 30% of piglets may have 
experienced IUGR during development (Amdi et al., 2013). It has also been shown that piglets 
with low birth weights have reduced survival rates as compared to heavier litter mates 
(Tuchscherer et al., 2000; Beaulieu et al., 2010; Putz et al., 2015). Recent trends demonstrating 
increased litter sizes in commercial production assume that a greater number of offspring are at 
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risk of IUGR, resulting in more pigs that will likely experience altered growth performance, 
survivability, and carcass quality later in life. Within this study results, mean litter size was 14, 
which is consistent with industry standards for P1 production (Stalder, 2016). This study indicates 
that 13.9% of offspring born to the Av-TB (12 to 16 TB) may have experience hindered growth 
due to IUGR, as compared to 29.5% of pigs from litters with greater than 17 TB that may have 
experienced IUGR. While the percentage of SM-kg pigs was greater in Hi-TB litters, SM-kg 
offspring also occurred in Lo-TB litters. Collectively, these data support evidence of increased 
incidence of small pigs as litter size increases, likely a result of limiting uterine capacity, albeit 
small pigs were pervasive in all litters demonstrating biological causes of lighter birth weights is 
not solely dependent on litter size. 
Concerns of increased litter sizes, and the effects of intra-uterine crowding, have been an 
area of investigation for some time in livestock production. In this study, SM-kg had a clear 
disadvantage for survival and growth regardless of litter size. In Hi-TB litters, small pigs are 
assumed to be a result of intra-uterine crowding presumably contributing to IUGR. Small pigs (< 
1.0 kg birth weight) were found across all LSC, however, IUGR pigs may be part of a sub-
population (Wootton et al., 1983). Of these two populations, small pigs can be classified as small 
for gestational age or IUGR based on ability to grow proportionally and survive as compared to 
cohorts (Rutherford et al., 2013). Due to this distinction, morphological indicators of IUGR have 
been suggested to play an additional role in determining the incidence of legitimate IUGR in small 
pigs. When classified by head shape and abdominal circumference, offspring with low abdominal 
circumference and pronounced ‘dolphin-like’ heads were found to have increased mortality, 
lighter organ weights, reduced liver glycogen deposits, and a reduced ability to obtain adequate 
colostrum, along with reduced birth weights and wean weights (Amdi et al., 2013; Douglas et al., 
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2016; Matheson et al., 2017). However, regardless of these indicators, low birth weights are more 
recognizable and pervasive in swine production. Based on birth weight, extensive study of the 
effects of IUGR in sheep and pigs has revealed changes to functional systems in restricted fetuses 
affect the liver, heart and lungs, hemodynamics, muscle development, glucose metabolism, neural 
development, and immune development (Town et al., 2004; Hay, 2006; Myatt, 2006; Rozance et 
al., 2011; Chen et al., 2015; Barbero et al., 2018). 
Fetal offspring with IUGR symptoms typically have inadequate placental development 
(Wilson, 2001; Brown and Hay, 2016) and hindered AA transport as a result (Zhang et al., 2015). 
Inadequate placental growth creates an inability to adapt to increasing fetal demands for oxygen 
and nutrients due to a lack of capillary development, contributing to reduced fetal protein accretion 
necessary for development and functional processes (Regnault et al., 2005). The effect of IUGR 
on protein accretion persists through postnatal performance, affecting meat quality through 
decreased tenderness (Oksbjerg et al., 2013), and increased adiposity (Sarr et al., 2012). This is in 
addition to the association of small birth weight pigs as a primary influencer of poor growth 
performance (Fix et al., 2010a). In the current experiment, BWC was discovered to be associated 
with HCW and carcass characteristics, however LSC did not influence growth and carcass 
characteristics. These observations would indicate that small birth weight pigs are at a 
disadvantage of growth regardless of incidence of crowding induced IUGR. Interestingly, 
numerical differences in loin depth may indicate that smaller litters (i.e. less than 12 pigs) had an 
advantage in lean growth. Several studies have shown the association of reduced muscle fiber 
number and small birth weight pigs (Oksbjerg et al., 2013) which is consistent with reduced protein 
synthesis, and muscle hypertrophy observed in fetuses subjected to induced IUGR (Yates et al., 
2014). 
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Dramatic differences in mortality were observed in BWC, however, LSC was observed to 
only influence mortality in Hi-TB litters, when compared to those with Av-TB and Lo-TB litter 
sizes. The influence of birth weight, and by proxy fetal development, on survival and health of 
offspring is of interest across species. In 1995, it was hypothesized that disruptions in fetal 
development may contribute to increased incidence of heart disease due to reduced maternal 
nutrition during the mid to late stages of gestation (Barker, 1995). Prior to this hypothesis, it was 
observed that starvation of sows resulted in reduced birth weight, but did not affect litter size when 
starvation occurred between 30-70 d of gestation (Hard and Anderson, 1979). In both incidences, 
reduced maternal nutrition influenced birth weight, and development of the fetus in dams that 
maintained the pregnancy, despite the physiological insult. In similar cases, when pregnancy 
persists despite changes to uterine environment, birth weight is hindered, along with observable 
retardations in fetal development (Anderson et al., 1997; Vonnahme et al., 2006). While it is 
accepted that a birth weight of less than 1 kg is associated with increased mortality, the reason for 
the increase in mortality may be related to reduced development of vital organ systems. This is 
further supported by evidence of increased mortality in small pigs from conditions such as 
pericarditis and pleurisy (Alvarenga et al., 2013; Ladinig et al., 2014; Calderón Díaz et al., 2017).  
Management of small pigs may also be contributing to mortality rates of otherwise healthy 
small pigs. Mortality increases after cross-fostering with small pigs, with a survival rate of less 
than 80% for birth weights that drop below 1 kg (Quiniou et al., 2002), coordinately, cross-
fostering is a significant predictor of mortality and morbidity, particularly when small pigs are 
pooled together in a new litter (Calderón Díaz et al., 2017). This study did not include pigs that 
were subject to cross fostering, however mortality was increased regardless. Management of litters 
by the facility used in this trial worked to minimize cross-fostering and maximize survival of pigs 
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crossed. To achieve this, the largest thriftiest pig from any litter that needed crossed was moved to 
a smaller litter. However, this is not the sole strategy utilized to cross-foster offspring in 
production; as many producers create pooled litters of small pigs from multiple litters. Regardless, 
in this analysis, any individual pig that was crossed was removed from the data set, therefore, only 
pig birth weight and litter size at birth were considered for this analysis. This may show some of 
the lack of difference in MD-kg and LG-kg pig survival, as more LG-kg pigs may have been 
removed from this analysis due to cross-fostering.  
In this work, SM-kg pigs were observed in Lo-TB, and performance of SM-kg pigs in Lo-
TB is not improved enough to outperform of SM-kg pigs from Hi-TB or Av-TB. In part, this may 
have been due to changing litter sizes due to pre-weaning survival and because of cross-fostering 
among litters, as 10% of litters represented in this analysis contained pigs that were cross-fostered. 
Litter size is dynamic through the lactation phase as demands on sow lactation and the number and 
size of piglets nursing change from birth to weaning. Recently published work has indicated that 
larger litter sizes, or higher litter birth weight, may be related to increased longevity of the sow 
(Gruhot et al., 2017; Patterson et al., 2018), indicating that the ability of a sow to carry a larger 
litter may be associated with physiological adaptations that have long term benefits. However, it 
remains clear that small birth weight pigs are at a disadvantage for desirable production traits in 
offspring, such as growth rates, survival, and meat quality at harvest (Foxcroft et al., 2006; Gondret 
et al., 2006; Alvarenga et al., 2013). This information may suggest that understanding the changes 
to growth patterns in pigs from Hi-TB litters may benefit post-wean performance more than trying 
to prevent the incidence of small birth weight pigs altogether. Continued work to understand the 
effect of low birth weight on growth hormone signaling and the underlying physiological 
consequences is needed to understand the most appropriate route for maximizing performance.   
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Correlation Coefficients 
   Birth to Weaning Wean to 30 kg 
30 kg to 
60 kg 
60 kg to 
100 kg Birth to 100 kg 
Birth  
weight 
  
r 0.42 0.32 0.20 0.15 0.32 
P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
 
Figure 5.1. Effect of birth weight (g) on average daily gain (g/d) to 100 kg in body weight. A. Offspring birth weights have a weak, positive trend 
in response to lifetime ADG of the pig (R2 = 0.10). B. Pearson correlation coefficients show decreasing correlation of birth weight to daily growth performance with increasing 
weight (P < 0.01).  
  
y = 0.0001x + 0.519
R² = 0.10
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
0 500 1000 1500 2000 2500 3000
A
D
G
, k
g/
d
Birth weight, g
B. 
A. 
107 
108 
 
 
Table 5.1. Number of pigs, for each parameter of growth measured, classified by birth weight and litter size.  
 Birth weight   
 LG-kg 1 MD-kg 2 SM-kg 3   
 ≥ 1.65 kg 1.64-1.06 kg ≤ 1.05 kg   
Parameter n n n  Total 
Total born alive 937 3,978 1,011  5,926 
BiWt4 937 3977 1009  5,923 
WnWt5 899 3633 854  5,386 
FIN16 359 1344 282  1,985 
FIN27 392 1384 294  2,070 
FIN38 132 501 105  738 
Carcass9 88 349 62  499 
 Litter Size   
 Hi-TB 10 Av-TB 11 Lo-TB 12   
 ≥ 17 TB 12 to 16 TB ≤ 11 TB   
Parameter n n n  Total 
Total born alive 1,291 4,081 554  5,926 
BiWt4 1,290 4,079 554  5,923 
WnWt5 1,134 3,730 522  5,386 
FIN16 350 1,427 208  1,985 
FIN27 367 1,484 219  2,070 
FIN38 74 584 80  738 
Carcass9 55 390 54  499 
1 LG-kg birth weight classification, pigs with birth weights equal to or greater than 1.65 kg. 
2 MD-kg birth weight classification, pigs with birth weights equal to or between 1.06 to 1.64 kg.  
3 SM-kg birth weight classification, pigs with birth weights equal to or less than 1.05 kg. 
4Average birth weights (within 24 h post birth) of all pigs born alive (BA). As reported in Chapter 3. 
5Wean weight, collected approximately 24 to 48 h prior to weaning.  
6Finishing weight 1, recorded when average weight of group was estimated to be at 30 kg, representing rapid lean growth.  
7Finishing weight 2, recorded when average weight of group was estimated to be at 60kg, representing peak lean growth. 
8Finishing weight 3, recorded when average weight of group was estimated to be at 100kg, representing adipose accumulation.  
9Carcasses sampled for data collection of weight, and depth of back fat and loin; all sampled at an average age of 173 days. 
10 Hi-TB litter size classification, pigs born to litters with 17 or greater total born. 
11 Av-TB litter size classification, pigs born to litters with 12 to 16 total born.  
12 Lo-TB litter size classification, pigs born to litters with 11 or less total born. 
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Table 5.2. Influence of birth weight classification on performance of pigs born to first parity sows.  
 Birth Weight Classification    
 LG-kg 1 MD-kg 2 SM-kg 3    
Parameter ≥ 1.65 kg 1.64-1.06 kg ≤ 1.05 kg  SEM4 P-value 
Piglet distribution, % 15.8 67.1 17.1  - - 
Birth weight, kg 1.75a 1.36b 0.93c  <0.01 <0.01 
Wean weight, kg 5.98a 5.26b 4.14c  0.05 <0.01 
ADG, kg/d       
PW5, 0.244a 0.222b 0.182c  0.002 <0.01 
Wean to 30 kg6  0.49a 0.44b 0.38c  0.01 <0.01 
30 to 60 kg7 0.84a 0.82a 0.75b  0.02 <0.01 
60 to 100 kg8 1.11ax 1.07ay 1.01b  0.04 <0.01 
Birth to 100 kg9 0.71a 0.67b 0.61c  0.02 <0.01 
Carcass characteristics10       
HCW, kg 87.5a 84.5b 79.2c  1.68 <0.01 
Fat depth11, mm 17.0a 16.5ab 15.5b  0.69 0.03 
Loin depth 12, mm 54.8x 53.8xy 52.0y  1.57 0.09 
1 LG-kg birth weight classification, pigs with birth weights equal to or greater than 1.65 kg. 
2 MD-kg birth weight classification, pigs with birth weights equal to or between 1.06 to 1.64 kg.  
3 SM-kg birth weight classification, pigs with birth weights equal to or less than 1.05 kg. 
4 Maximum value of standard error of the mean for all treatments. 
5 Pre-wean average daily gain, wean weight - birth weight/wean weight age. 
6 Recorded when average weight of group was estimated to be at 30 kg, representing rapid lean growth.  
7 Recorded when average weight of group was estimated to be at 60kg, representing peak lean growth. 
8 Recorded when average weight of group was estimated to be at 100kg, representing adipose accumulation. 
9 Average daily gain from birth to adipose accumulation phase, or when average weight of the group was estimated to be at 100kg. 
10Carcass data was collected at the same point in time for all pigs sampled, at an average age of 173 days 
11Fat depth, mm measured at 10th rib. 
12 Loin depth, mm measured at 10th rib. 
abc Differing superscripts indicate P < 0.05. 
xyz Differing superscripts indicate tendency P < 0.10. 
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Figure 5.2. Effect of birth weight classification (BWC) on mortality.  A. Pre-wean mortality rates were increased across BWC, with the highest rate in 
SM-kg pigs (< 1.1kg at birth), and lowest mortality rates in LG-kg BWC pigs (> 1.65 kg at birth). Assessed on 5,867 pigs born to sows during trial. B. Finishing mortality rate of all 
pigs weaned to 100 kg of weight was increased in SM-kg pigs. C. Total mortality rate of born alive, from birth to 100 kg, was increased in SM-kg, as compared to MD-kg and SM-
kg. Differing superscripts indicated differences of P < 0.01. 
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Table 5.3. Influence of litter size classification on performance of pigs born to first parity sows.  
 Litter Size Classification (LSC)    
 Hi-TB 1 Av-TB 2 Lo-TB 3    
Parameter ≥ 17 TB 12 to 16 TB ≤ 11 TB  SEM4 P-value 
Litters per classification, % 17.6 71.9 10.5  - - 
Birth weight, kg 1.23a 1.38b 1.46c  0.02 <0.01 
Wean weight, kg 4.77a 5.25b 5.75c  0.10 <0.01 
ADG, kg/d       
PW5, kg 0.202a 0.220b 0.247c  0.005 <0.01 
Wean to 306, kg  0.42ax 0.44ax 0.46by  0.01 0.01 
30 to 607, kg 0.80a 0.81a 0.83a  0.02 0.38 
60 to 1008, kg 1.07a 1.08a 1.04a  0.05 0.57 
Birth to 1009, kg 0.67a 0.67a 0.68a  0.02 0.85 
Carcass characteristics       
       HCW10, kg 83.6a 84.6a 84.6a  1.8 0.78 
       Fat depth11, mm 16.6a 16.5a 16.1a  0.7 0.71 
       Loin depth12, mm 52.3a 53.7a 55.5a  1.6 0.13 
1 Hi-TB litter size classification, pigs born to litters with 17 or greater total born. 
2 Av-TB litter size classification, pigs born to litters with 12 to 16 total born.  
3 Lo-TB litter size classification, pigs born to litters with 11 or less total born. 
4 Maximum value of standard error of the mean for all treatments. 
5 Pre-wean average daily gain, wean weight - birth weight/wean weight age. 
6 Recorded when average daily gain from wean through rapid lean growth (average group weight of 30 kg). 
7 Recorded when average daily gain from rapid lean growth (average group weight of 30 kg) to peak lean growth (average group weight of 60 kg). 
8 Recorded when average daily gain from peak lean growth (average group weight of 60 kg) to peak adipose accumulation (average group weight of 100 kg). 
9 Recorded when average daily gain from birth to adipose accumulation phase, or when average weight of the group was estimated to be at 100kg. 
10 Hot carcass weight.  
11 Fat depth, mm measured at 10th rib. 
12 Loin depth, mm measured at 10th rib. 
abc Differing superscripts indicate P ≤ 0.05. 
xyz Differing superscripts indicate tendency P < 0.10. 
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Figure 5.3. Effect of litter size classification (LSC) on mortality. Litter sizes classifications (LSC) were utilized to evaluate performance based on the 
total number of pigs gestated within each litter and were assigned as Lo-TB (11 or less), Av-TB (12-16) or Hi-TB (17 or greater). A. Pre-wean (PW) mortality rates were increased 
for Hi-TB as compared to Av-TB and Lo-TB. B. Finishing mortality rate of all pigs weaned to 100 kg of weight was not different across LSC. C. Total mortality rate of born alive, 
from birth to 100 kg, was not different by LSC. Differing superscripts indicate P < 0.01, within graph.  
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Table 5.4. Interactions of birth weight and litter size on performance of pigs born to P0 sows in commercial production.  
 Hi-TB 1  Av-TB 2  Lo-TB 3  BWC x LSC8 
Parameter LG- kg4 
MD-
kg5 
SM-
kd6 SEM
7  LG-
kg4 
MD-
kg5 
SM-
kd6 SEM
7  LG-
kg4 
MD-
kg5 
SM-
kd6 SEM
7  P-value 
Class9, % 5.8 64.7 29.5 -  17.1 69.0 13.9 -  29.6 58.8 11.6 -  - 
Birth weight, kg 1.72ad 1.32b 0.91cfi 0.02  1.75ad 1.37eh 0.93cfi 0.01  1.80g 1.39eh 0.92cfi 0.02  <0.01 
Wean weight, kg 5.73 5.04 3.89 0.12  5.96 5.25 4.17 0.06  6.41 5.65 4.34 0.15  0.39 
ADG, kg/d                 
Pre-wean10 0.230 0.212 0.170 0.01  0.242 0.221 0.184 0.00  0.268 0.246 0.196 0.01  0.44 
Wean to 30 kg11  0.477 0.433 0.385 0.02  0.484 0.439 0.370 0.01  0.501 0.453 0.373 0.02  0.50 
30 to 60 kg12 0.831 0.815 0.746 0.05  0.838 0.815 0.742 0.02  0.863 0.822 0.780 0.05  0.97 
60 to 100 kg13 1.168 1.079 1.024 0.09  1.123 1.078 1.014 0.04  1.047 1.045 1.014 0.07  0.90 
Birth to 100 kg14 0.714 0.686 0.624 0.04  0.707 0.664 0.602 0.02  0.701 0.680 0.583 0.03  0.79 
Carcass characteristics                 
HCW15, kg 88.9 85.0 78.9 3.9  87.5 84.4 79.3 1.8  86.5 84.4 78.1 4.8  0.99 
Fat depth16, mm 18.7 17.3 14.5 1.6  17.0 16.4 16.0 0.8  16.0 16.2 13.8 1.9  0.19 
Loin depth17, mm 52.1 53.3 50.2 3.6  54.7 53.6 52.3 1.7  56.6 55.1 56.1 4.4  0.90 
Mortality18, %                 
Pre-wean 4.0 8.8 18.2 2.3  3.9 7.7 14.5 1.5  4.9 5.7 12.0 4.0  0.77 
Finishing 2.5 3.9 7.9 1.8  3.4 3.9 4.9 0.7  3.3 5.5 14.6 5.5  0.33 
Total19 0.0 0.7 2.3 0.7  0.2 1.1 2.7 0.7  1.0 0.2 0.9 0.9  0.21 
1 Hi-TB litter size classification, pigs born to litters with 17 or greater total born. 
2 Av-TB litter size classification, pigs born to litters with 12 to 16 total born.  
3 Lo-TB litter size classification, pigs born to litters with 11 or less total born. 
4 LG-kg birth weight classification, pigs with birth weights equal to or greater than 1.65 kg. 
5 MD-kg birth weight classification, pigs with birth weights equal to or between 1.06 to 1.64 kg.  
6 SM-kg birth weight classification, pigs with birth weights equal to or less than 1.05 kg. 
7 Maximum value of standard error of the mean for all treatments. 
8 Significance of total born by birth weight interactions. 
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9 Percentage of pigs within each interaction, birth weight by total born litter size classification. 
10 Pre-wean average daily gain, wean weight - birth weight/wean weight age. 
11 Recorded average daily gain from wean through rapid lean growth (average group weight of 30 kg). 
12 Recorded average daily gain from rapid lean growth (average group weight of 30 kg) to peak lean growth (average group weight of 60 kg). 
13 Recorded average daily gain from peak lean growth (average group weight of 60 kg) to peak adipose accumulation (average group weight of 100 kg). 
14 Recorded average daily gain from birth to adipose accumulation phase, or when average weight of the group was estimated to be at 100kg. 
15 Hot carcass weight.  
16 Fat depth, mm measured at 10th rib. 
17 Loin depth, mm measured at 10th rib. 
18 Mortality, percentage of pigs removed from the trial due to death. Morbidity was not tracked in this study. 
19 Total mortality, from birth to 100 kg average weight.  
abcdefghi Differing superscripts indicate P < 0.05. 
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Abstract 
Fetal growth restriction, due to crowding in utero commonly results in reduced placental 
capacity for nutrient and oxygen transport, which can inhibit muscle development and postnatal 
growth capacity. Supplemental arginine (Arg) during pig gestation purportedly benefits placental 
development (Wu et al., 2013) and muscle development by increasing number of muscle fibers in 
late gestation (Bѐrard and Bee, 2010). Therefore, two experiments were conducted to evaluate the 
supplementation of 1% L-Arg (base, synthetic) at different stages of gestation and determine its 
effects on development of sow and fetal tissues. Experiment 1, bred gilts (n = 12) were divided 
among two dietary treatment groups: Control (n = 6; 0% supplemental Arg); Early-Arg (n = 6; 1% 
supplemental Arg 15-44 d of gestation). At d 44 of gestation, reproductive and conceptus tissues 
were evaluated for litter size, viability, and abundance of specific mRNA. In Experiment 2, 48 
median offspring were selected within 24 h of birth from four maternal dietary treatments: Control 
(n = 13); Early-Arg (n = 11); and two additional diets, Full-Arg (n = 12; 1% supplemental Arg 15 
d of gestation until farrowing); and Late-Arg (n = 12; 1% supplemental Arg 85 d of gestation until 
farrowing) to evaluate the effects of maternal Arg supplementation on offspring semitendinosus 
(ST) muscle development. Data analyses were performed using a mixed regression model and 
correlation procedures for all parameters evaluated. In Experiment 1, litter size and conceptus 
weight were not different with maternal supplementation of Arg (P ≥ 0.11). Additionally, no 
difference in the number of viable fetuses, fetal characteristics, or endometrial gene expression 
were observed (P ≥ 0.11). Gene expression of angiogenic signals in the placenta was also not 
different between maternal dietary treatments (P > 0.10), however expression of IGF2 tended to 
be increased in Early-Arg placenta (P = 0.09). In Experiment 2, no differences in ST muscle fiber 
area or number were observed in median weight pigs across maternal dietary treatment (P ≥ 0.24). 
No correlations were observed of muscle fiber characteristics to postnatal growth of matched 
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offspring (P > 0.10). Based on these data, supplementation of 1% L-Arg during gestation did not 
impact development of median offspring during gestation. Further research is needed into 
understanding the influence of maternal diet on fetal development, and the long-term implications 
for growth of offspring. 
Keywords: swine, arginine, placenta, muscle, litter 
 
Introduction 
Restriction of fetal growth in utero is linked with reduced placental capacity for nutrient 
transport, which can inhibit muscle development and postnatal growth capacity (Foxcroft et al., 
2009; Oksbjerg et al., 2013; Brown and Hay, 2016). Due to the diffuse epitheliochorial phenotype 
of the pig placenta, nutrient transport is highly dependent on surface area of placental attachment 
to uterine endometrium (Friess et al., 1980; Biensen et al., 1998). During gestation, placental 
growth increases the maximal surface area for attachment, although space allowed for growth can 
be limited because of events surrounding rapid trophoblastic elongation. Initial elongation of the 
trophectoderm begins once the conceptus is in spherical form, at about 9 to 10 mm diameter, which 
occurs around d 11 of gestation (Heuser and Streeter, 1929; Geisert et al., 1982; Ross et al., 2003). 
Following initial rapid elongation, pig conceptuses continue to elongate from d 12 to 15 of 
gestation, while concomitantly secreting signaling factors that facilitate apposition and attachment 
to the surface epithelial layer of the uterine endometrium. Secreted growth factors include those 
associated with angiogenesis such as vascular endothelial growth factor (VEGF), angiopoietin 2 
(ANGPT2), endothelial nitric oxide synthase (ENOS) and nitric oxide 3 (NOS3; Reynolds et al., 
2005; Kaczmarek et al., 2009; Wang et al., 2014). Other factors that enable trophectoderm 
attachment are expressed, such as secreted phosphoprotein 1 (SPP1; a.k.a. osteopontin), which is 
released simultaneously with increased estrogen receptor (ESR1) in the endometrium (Garlow et 
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al., 2002; Bazer et al., 2012). The extent to which elongation occurs for individual conceptuses is 
influenced by the total number of conceptuses present at attachment, as elongating conceptuses do 
not overlap (Anderson, 1978). Subsequently, expansion of the placenta between d 20 and 30 of 
gestation is affected, reducing available space within the uterine lumen for surface area attachment 
of the placenta to the endometrium (Knight et al., 1977). Growth of the placenta is vital to 
maximize surface area and nutrient uptake, particularly in early and mid-gestation, as placental 
growth plateaus around d 70 of gestation (Knight et al., 1977). Therefore, uterine crowding during 
attachment may create lasting effects on the ultimate capacity for nutrient transfer of the placenta 
during gestation, regardless of continued placental growth through mid-gestation.  
Hindered muscle growth and function has also been linked to IUGR (Oksbjerg et al., 2013; 
Yates et al., 2014; Brown and Hay, 2016). Fetal muscle development occurs in two waves of 
myofiber proliferation. Primary myofibers appear as early as d 35 of gestation and continue to 
proliferate and hypertrophy until d 60 to 64 of gestation, just after the formation of secondary 
fibers begins, around d 54 of gestation (Ashmore et al., 1973; Wigmore and Stickland, 1983; 
Handel and Stickland, 1987). The process of myofiber formation is complete when the hyperplasia 
of secondary myofibers has ceased, and all muscle fibers are considered formed by d 90 in swine 
(Wigmore and Stickland, 1983). After d 90 of gestation, muscle growth can only occur through 
hypertrophy of existing muscle fibers. Therefore, establishment of the primary fiber scaffold 
during early gestation influences proliferation and hypertrophy of secondary fibers. Muscle fiber 
characteristics and birth weight are closely related to growth performance of the pig (Miller et al., 
1975; Wigmore and Stickland, 1983; Dwyer et al., 1993), indicating that hindered muscle 
development, during any stage in gestation, could result in hindered growth performance.  
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Supplemental arginine (Arg) during pig gestation purportedly benefits placental and 
muscle development (Oksbjerg et al., 2013; Wu et al., 2013). Arginine metabolism can be directed 
towards production of many proteins that are critical for formation of angiogenic factors that 
support nutrient transport and tissue function, particularly through activation of mechanistic target 
of rapamycin 1 (mTORC1) in the proliferating cell (Chantranupong et al., 2016; Wu et al., 2017). 
Arginine is also recognized as a necessary AA to supplement for younger pigs and conditionally 
essential for sows in gestation (NRC, 2012). Due to increased demand on compounds produced 
from Arg metabolism during gestation, it is reasonable to expect that the amount of substrate Arg 
available for synthesis of endogenous compounds such as NO, ornithine, polyamines, and creatine 
could be a limiting factor. Based on the current literature, the central hypothesis of this study is 
that Arg supplementation during gestation will affect the maternal uterine placental and 
endometrial transcript abundance when supplemented prior to d 44 of gestation and that 
supplementation throughout gestation will impact muscle fiber characteristics of d 1 neonatal 
offspring. Therefore, two experiments were conducted to evaluate the supplementation of 1% L-
Arg (base, synthetic) at different stages of gestation and determine its effects on development of 
sow and fetal tissues at d 44 of gestation, and muscle characteristics observed shortly after birth.  
 
Materials and Methods 
Animals use statement 
Animal care and use procedures were approved by Iowa State University Institutional 
Animal Care and Use Committee. Breeding, management, and assignment of gilts to maternal 
diets have been previously described (Chapter 3). Fetal and neonatal offspring utilized in the 
following experiments were obtained from first parity litters of gilts on the following dietary 
treatment during gestation: Control (0% supplemental Arg); Early-Arg (1% supplemental Arg 15-
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45d of gestation); Full-Arg (1% supplemental Arg 15d of gestation until farrowing); and Late-Arg 
(1% supplemental Arg 85d of gestation until farrowing). 
 
Experiment 1: Effect of supplemental Arg on litter characteristics, placental and 
endometrial gene expression at d 44 of gestation 
On d 44 of gestation, 12 gilts (Control, n = 6; Early-Arg, n = 6) were humanely euthanized. 
Following euthanasia, the entire uterus was removed, weighed, and length was recorded starting 
at the utero-tubal juncture of the uterine left horn and ending at the same location on the right horn. 
Ovaries were removed and assessed for number of corpus lutea (CL) as an indication of ovulation 
rate. Within each reproductive tract, individual fetus weight, placental weight, and crown-rump 
length were recorded. After removal, placental and uterine endometrium samples were snap-frozen 
in liquid nitrogen and stored at -80ºC until later processed.  
 
RNA extraction and transcript analysis 
 Placental and endometrial tissues collected and utilized to assay the abundance of specific 
mRNA transcripts via quantitative RT-PCR. Two placental samples of median weight fetuses 
within each litter and one endometrial sample were crushed over dry ice, then homogenized and 
total RNA extracted using Trizol reagent (Invitrogen, Carlsbad, CA) according to manufacturer’s 
recommendations. Quantification of total RNA was performed using NanoDrop 1000 (Thermo 
Fisher Scientific, Wilmington, DE). Quantitative analysis of angiopoietin 2 (ANGPT2), insulin-
like growth factor 2 (IGF2), nitric oxide synthase 3 (NOS3), secreted phosphoprotein 1 (SPP1), 
ESR1, and vascular endothelial growth factor A (VEGFA) mRNA expression was evaluated using 
one-step Quantitect RT-qPCR kit with SYBR green reporter (Qiagen). Primer and probe sequences 
are presented in Table 6.1. Samples were analyzed in a Mastercyler Thermocycler (Eppendorf, 
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Hamburg, Germany) in 10 µL volume reactions that were denatured for 15s at 94ºC, annealed at 
57ºC for 30s, followed by an extension step at 72ºC for 30s with data acquisition at 60ºC for 40 
cycles. Expression normalization across samples within tissues was done by calculating delta CT 
(ΔCT) value for each sample using glyceraldehyde 3-phosephate dehydrogenase (GAPDH) for 
normalization. Delta delta CT (ΔΔCT) values were calculated utilizing a reference sample and fold 
differences between treatments were obtained by applying the equation [2(-ΔΔCT)] assuming each 
cycle difference was equivalent to a 2-fold difference in gene expression. Statistical analyses were 
performed on the ΔCT values and data is reported in the results section as relative fold difference.  
 
Experiment 2: Influence supplemental Arg during gestation on muscle characteristics of 
neonatal offspring 
Within 24 h of birth, 48 offspring, one of each gender, were selected from litters from each 
of four maternal dietary treatments (n = 12 per maternal dietary treatment). Offspring were selected 
from litters of similar size. Selected offspring were humanely euthanized and tissue samples 
collected. At tissue collection, whole body, heart, and liver weights were collected along with 
CRL. Semitendinosus (ST) muscles were excised for cryo-histology and frozen by placing in 
isopentane and cooled rapidly to the temperature of liquid nitrogen, then stored at -80ºC until 
processed.  
 
Whole muscle histology and immunohistochemistry 
Samples from randomly selected offspring (Control n = 4; Early-Arg n = 5; Full-Arg n = 
4; Late-Arg n = 6) were chosen for analysis of ST muscle fiber characteristics. Frozen muscles 
were embedded in optimum cutting temperature compound (OCT, VWR International, West 
Chester, PA) over liquid nitrogen, then sectioned at -20ºC using a cryostat (Leica CM1850) and 
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serial cross-sections (10 µm thick) were taken from the mid-point of the sample and placed on 
positively charged glass slides and stored at -20ºC until immunohistochemistry. Six sections were 
selected for staining with dystrophin (MANDYS1, Developmental Studies Hybridoma Bank, Iowa 
City, IA) to identify muscle fibers for analysis of fiber number and fiber cross-sectional area. 
Immunofluorescence staining followed previously established protocol (Hines et al., 2013), with 
a few modifications. Briefly, primary (MANDYS1) and secondary (Alexa Fluor 488, goat-anti 
mouse IgG2a, Life Technologies, Eugene, OR) antibodies were diluted (at 1:250 and 1:400, 
respectively) in blocking solution containing 5% horse serum (Gibco, ThermoFisher Scientific, 
USA) and 0.2% Triton-X100 (Thermo Fisher Scientific, Fairlawn, NJ) in PBS. After staining, 
sections were covered with glass coverslips using SlowFade Gold Antifade Mountant (Invitrogen) 
containing DAPI for counter stain of nuclei and allowed to dry over night at 4ºC before imaging. 
Images were captured from a Leica DMI3000 B microscope with a QICAM 12-bit Mono Fast 
1394 Cooled (QIC-F-M-12-C, Q Imaging) camera at 40× magnification. Six images from three 
sections were collected in total. Trained and blinded technicians were utilized to quantify fiber 
area and fiber number.    
 
Comparison of growth performance of piglets and the relationship to muscle fiber 
characteristics of similar pigs at birth 
Muscle characteristics of neonatal pigs were matched to offspring with growth and carcass 
characteristics data based similarities at birth. To achieve this, neonatal offspring were individually 
compared to offspring with growth and carcass data available, then matched to cohorts who shared 
similar maternal dietary treatment, gender, birth weight (kg), and total born litter size. Due to the 
limited number of offspring available with complete records to carcass data, the best match was 
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chosen based on the closest birth weight or litter size, based on which data point could not be 
exactly matched. 
 
Statistical analysis 
 Data were analyzed using a mixed linear regression model (Proc Mixed, SAS Studio, 3.7, 
Cary, NC). Descriptive analysis of gilt reproductive status at d 44 of gestation was evaluated using 
a fixed effect of maternal dietary treatment for all parameters measured. Similarly, characteristics 
of the fetal litter were also evaluated with a fixed effect of maternal dietary treatment, and an 
additional consideration of dam as a random effect. Quantitative RT-PCR ΔCT values were also 
analyzed on all samples tested utilizing Proc Mixed, with fixed effect of maternal dietary treatment 
for endometrial samples and an addition of dam as a random effect for placenta. Neonatal offspring 
data with maternal dietary treatment as fixed effect and dam as random effect. Fiber analysis 
considered additional fixed effects of image number and random effects of pig. Standard error 
estimation was adjusted utilizing the Satterthwaite adjustment for estimating degrees of freedom 
under a random effect. Comparisons P values of least square means were conservatively estimated 
utilizing a Tukey adjustment. Correlations were performed utilizing correlation procedure (Proc 
Corr) of SAS on all parameters included all maternal treatments. 
 
Results 
 
Maternal supplementation of Arg to d 44 of gestation did not affect litter characteristics 
 Intact (5.5 vs. 5.0 ± 0.4 kg) and empty (2.5 vs. 2.3 ± 0.2 kg) uterine weights were not 
different (P ≥ 0.40) between Control and Early-Arg gilts, respectively (Table 6.2). Uterine length 
as also not different (P = 0.58) between treatments d 44 of gestation. Total fetal pigs were 
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numerically decreased in Early-Arg gilts (14.50) as compared to the Control (17.20). Fetal survival 
(0.89 and 0.95 ± 0.06), was not different (P = 0.56) and no effect (P = 0.11) was observed on the 
number of viable fetuses (16.8 and 14.3 ± 0.11) at d 44 of gestation for Control and Early-Arg 
maternal diets, respectively (Fig. 6.1). Individual weight of fetal (17.5 v. 17.9 ± 0.81 g) and 
respective placental (69.3 v. 64.0 ± 4.60 g) weights were not different (P ≥ 0.43) for d 44 fetuses 
from Early-Arg as compared to Control, respectively (Table 6.3). Fetal CRL was also not different 
(P = 0.80) across maternal dietary treatments. Evaluation of individual placental efficiency, a 
product of fetal weight per placental weight, was also found to not be improved by maternal 
supplementation with Arg prior to d 44 of gestation, as compared to the Control (P = 0.34).  
 
Uterine weight, but not length, correlates to number of viable fetal pigs at d 44 of gestation 
 Fetal litter size was positively correlated (P ≤ 0.05) to intact (r = 0.78) and empty uterine 
weight (r = 0.69), and CL number (r = 0.80; Table 6.4), but not uterine length (P > 0.10). Number 
of viable fetal pigs at d 44 of gestation was positively correlated (P ≤ 0.05) to empty uterine weight 
(r = 0.70), CL number (r = 0.80), and fetal litter size (r = 0.99), but was not (P = 0.74) correlated 
to fetal survival rate (r = -0.11). 
 
Transcript abundance in endometrial and placental tissues was not influenced by maternal 
supplementation of Arg to d 44 of gestation 
Transcript abundance of ESR1 and attachment protein SPP1 was not different (P ≥ 0.40) 
between Control and Early-Arg endometrial samples (Fig. 6.2 A&B). Similarly, no difference was 
observed for ANGPT2 (P = 0.18) and VEGF (P = 0.30) mRNA abundance in endometrial samples 
(Fig. 6.2 C&D) at d 44 of gestation. Relative mRNA abundance in placental tissue for angiogenic 
and vascular development factors was also not different for VEGF (P = 0.98), ANGPT2 (P = 0.66), 
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and NOS3 (P = 0.50). A tendency for increased expression (P = 0.09) of IGF2 was observed in 
placenta from Early-Arg fetal litters, as compared to Control (Fig. 6.3 A-D).  
 
Vital organ and ST muscle fiber characteristics were not improved with supplementation of 
Arg 
 Body weight (P = 0.84), heart weight (P = 0.33), liver weight (P = 0.35), and CRL (P = 
0.78) of neonatal offspring selected for tissue collection were not different across maternal dietary 
treatment (Table 6.5). Muscle fiber area (µm2) was not different (P = 0.34) across Control (130.4 
± 18.8), Early-Arg (136.0 ± 16.5), Full-Arg (15.9 ± 18.8), or Late-Arg (69.7 ± 15.9) maternal 
dietary treatments (Fig. 6.4A). Similarly, muscle fiber number was not different (P = 0.24) across 
maternal diet with 136.5, 144.4, 117.6, and 107.2 muscle fibers per mm for Control, Early-Arg, 
Full-Arg, and Late-Arg, respectively (Fig. 6.4B).  
 
Muscle fiber characteristics were weakly related to wean weight and post-wean growth 
characteristics of matched pigs 
 Neonatal offspring were matched to growth performance and carcass characteristics of 
cohorts by maternal gestation diet, gender, birth weight, and litter size to evaluate relationships of 
muscle characteristics at birth and postnatal performance. Weak correlations of wean weight (P ≤ 
0.05) to muscle fiber area (r = 0.26) and muscle fiber number (r = -0.23) were observed with a 
tendency (P ≤ 0.10) for muscle fiber number to be weakly related to HCW (r = 0.17). Fiber number 
(r = 0.28) and muscle fiber area (r = -0.26) were also observed to be weakly correlated to fat depth 
(P ≤ 0.01), but not loin depth (P > 0.10) of matched offspring (Table 6.6). A tenuous relationship 
to muscle fiber number (P ≤ 0.05) was observed in pre-wean ADG (r = -0.26), peak lean growth 
(30-60 kg ADG; r = 0.29), and overall postnatal growth (birth to 100 kg; r = 0.20) of matched 
offspring (Table 6.7). Muscle fiber area was similarly related (P ≤ 0.05) to pre-wean ADG (r = 
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0.24) and negatively related to overall postnatal growth (r = -0.21). As well, a weak negative 
relationship (r = -0.22) was observed to adipose accretion (60-100 kg ADG) in matched offspring 
(P ≤ 0.05).  
 
Discussion 
Development of conceptus tissues during early pregnancy can have long lasting effects on 
postnatal growth performance. The capacity to influence IUGR growth phenotypes of offspring 
through maternal nutrition is of scientific and practical interest across species (Barker, 1995; 
Foxcroft et al., 2009). Due to the diffuse nature of the pig placenta, vascularity and adequate 
acquisition of surface area for placental attachment plays an important part in subsequent nutrient 
supply to the developing conceptus (Biensen et al., 1991; Wilson, 2001; Regnault et al., 2005b; 
Foxcroft et al., 2009; Oksbjerg et al., 2013; Brown and Hay, 2016). Restricted access to nutrients 
during gestation may either slow development of the offspring, or permanently retard development 
all together. Arginine has been suggested to improve placental (Wu et al., 2017) and fetal muscle 
development (Bérard and Bee, 2010). In this work, direct effects of L-Arg supplementation on 
transcript abundance in endometrial or placental vascularization associated with placental function 
were not observed. Similarly, muscle characteristics were not improved by addition of 1% Arg to 
maternal gestation diets. Overall, Arg supplementation was not observed to benefit fetal or 
reproductive tissue development. In Experiment 1, uterine capacity may not have been limiting, as 
fetal survival was similarly high between maternal dietary treatments.  
Uterine capacity is the ultimate limiting factor for litter size (Bazer et al., 1969; Freking et 
al., 2016). The uterus is composed of diverse tissue types that allow great capacity for stretch to 
accommodate growing offspring (Bazer et al., 2012). In Experiment 1, uterine length was similar 
at d 44 of gestation in sows on the Early-Arg diet when compared to the Control. Additionally, 
129 
 
 
ovulation rate and fetal survival rate were not affected. This similarity in uterine length would 
imply that uterine crowding due to physical space within the uterus was not an issue in these litters. 
Physical space in the uterus is important for the growth of the placenta, as maximized surface area 
is vital to increasing nutrient uptake during gestation. At the time of tissue collection, d 44 of 
gestation, uterine capacity should have already begun to limit litter size, as uterine capacity has 
been shown to become limiting by d 30 to 40 of gestation (Anderson, 1978; Wilson, 2001; 
Vonnahme et al., 2002). The similarity between uterine length in this trial and fetal survival rates 
observed in this work, support the idea that the limitations of uterine capacity are not related to 
physical size of uterus alone (Ford et al., 2002). 
Elongation of swine conceptuses is asynchronous, creating differences in surface area and 
attachment capacity among potential fetuses (Pope, 1988; Ford et al., 2002). In Experiment 1, no 
differences in placental weight or placental and endometrial transcript abundance were observed 
between Early-Arg and Control litters. One exception was the tendency for increased secretion of 
IGF2 in placental tissue from fetuses of the Early-Arg treatment. Expression of IGF2 is linked to 
increased placental weight and increased circulating growth factor in fetal blood at d 44 of 
gestation (Sterle et al., 1995). Secretion of IGF2 in the placenta is also observed to increase with 
increasing placental size as gestation progresses (Lee et al., 1990; Fowden et al., 2006). However, 
as no other differences in placental development were observed, the moderate increase in IGF2 
secretion at d 44 of gestation in this study may be related to numerically reduced litter size rather 
than specifically supplementation of Arg. Expression of IGF2 is also linked to proliferation and 
nutrient use in tissues, as evidenced by reduced growth rate in IGF2 mutant mice, particularly in 
skeletal muscle (O'Neill et al., 2010). As the placenta controls nutrient transfer to fetal tissues, 
changes to placental development likely influence development of fetal organs, including skeletal 
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muscle.  
Inadequate placental development, as evidenced by reduced protein synthesis, is linked to 
IUGR and may contribute to 25 to 40% reduction in muscle growth when compared to size and 
gestational age counterparts (Padoan et al., 2004; Larciprete et al., 2005). This is suggested to be 
due to changes in blood flow and fetal oxygenation acting to spare heart and brain growth by 
reducing nutrient transport to peripheral tissues when nutrients are limited (Ladinig et al., 2014; 
Brown and Hay, 2016). This is further supported by evidence of hypoxia induced reduction in 
hyperplasia of fetal myoblasts and reduced hypertrophy of myofibers (Fahey et al., 2005; White et 
al., 2010; Yates et al., 2014).  
Reduced proliferation of myoblasts and reduced protein accretion in myofibers has been 
linked to reduced skeletal muscle mass and increased adipose accretion across species (Singhal et 
al., 2003; Sayer and Cooper, 2005; Ford et al., 2007; Peñagaricano et al., 2014). In Experiment 2 
of this trial, no statistical differences were observed in muscle fiber number or fiber area of median 
weight neonatal pigs, regardless of maternal dietary treatment during gestation. This response is 
expected as fetal offspring supplemented with Arg in Experiment 1 had no differences in transcript 
abundance for vascular development, which might indicate that Arg had little to no influence on 
placental and endometrial tissues. A limitation of this trial may have been small sample size of ST 
muscle for fiber characterization, as offspring from Early-Arg and Full-Arg had numerically higher 
muscle fiber numbers as compared to Control and Late-Arg, whereas Full-Arg and Late-Arg had 
numerically increased muscle fiber size as compared to Control and Early-Arg.  
Muscle fiber characteristics and birth weight are closely related to growth performance of 
the pig (Miller et al., 1975; Wigmore and Stickland, 1983; Dwyer et al., 1993), with increased 
muscle fiber number associated with increased birth weights and growth rates (Rehfeldt and Kuhn, 
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2006). Interestingly, wean weights tended to be increased in offspring from Late-Arg maternal 
diets (Chapter 4), which would correspond to numerically increased muscle fiber area, and 
decreased muscle fiber number in Experiment 2 of this study. While this observation conflicts with 
previous work, this difference in growth may be associated with compensatory growth that has 
been observed in small for gestational age (SGA) and IUGR infants, sheep, and mice that were 
found to have rapid growth during postnatal development, however with reduced muscle to fat 
ratios (Hegarty and Allen, 1978; Greenwood and Bell, 2003; De Blasio et al., 2006; Ford et al., 
2007).  
Few research trials follow offspring from gestation to market to visualize the effect 
maternal diet on changes in muscle fiber composition and the translation into carcass 
characteristics. In one instance, offspring exposed to additional Arg during gestation had reduced 
muscle fiber number, and increased muscle fiber diameter, associated with increased HCW 
(Garbossa et al., 2015). However no other work has followed offspring of sows supplemented with 
Arg during gestation to market. Alternatively, other instances of research evaluating the effect of 
specific maternal dietary components on offspring development support the notion that changes to 
muscle characteristics at birth may not translate into improved postnatal performance. For 
example, research conducted to understand the effect of 25-hydroxycholecalciferol (25OHD3, 
vitamin D metabolite) on prenatal muscle development suggested that an increase in the number 
of muscle fibers at d 90 of gestation is indicative of increased muscle mass later in life (Hines et 
al., 2013). However, when a similar trial was conducted by Flohr et al. (2016), results indicated 
that supplementation of 25OHD3 in the maternal diet did not improve offspring growth 
performance to market. Research scenarios such as this are not uncommon in evaluating 
physiological changes and the potential impact on livestock production. These scenarios highlight 
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the need for greater understanding of developmental parameters that growth of offspring, and the 
potential for intervention. 
Based on evidence observed in this work, supplementation of Arg during gestation did not 
impact placental or muscle development of median birth weight offspring. While the incidence of 
variation between maternal environments cannot be overlooked, maternal dietary supplementation 
may be more beneficial to low birth weight offspring, which would be at potentially greater risk 
for IUGR than heavier littermates. Further research is needed into understanding the influence of 
maternal diet on fetal development, and the long-term implications for growth of offspring.  
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Table 6.1. Primer and probe sequences used for real-time RT-PCR analysis of d 44 endometrial and placental tissues.  
Target  Tissue Assayed Process Primer sequence Base pairs 
NCBI 
number Source
1 
GAPDH2  Endogenous Control F 5′-TGGTGAAGGTCGGAGTGAAC-3' R 5′-GAAGGGGTCATTGATGGCGA-3′ 40 - IDT 
ANGPT23  Placenta, endometrium Angiogenesis, vascular development 
F 5′-AACGGGTGGAGGTGGATGGA-3′  
R 5′-TGAGGGACTCCCAAAGCCCAT-3′ 2325 NM_213808 ISU
 
 IGF-24  Placenta Cellular growth F 5′-CCGGACAACTTCCCCAGATA-3′ R 5′-CGTTGGGCGGACTGCTT-3′ 1225 NM_213883 IDT 
NOS35  Placenta Angiogenesis, vascular dilator 
F 5′-GTCTGAGTAACCGGAAGCCC-3′ 
R 5′-CACCTAACTCCACCGAAGGG-3′ 4024 NM_214295 ISU
 
SPP16  Endometrium Uterine adhesion, Arg-Gly-Asp complex  
F 5′-TTGGACAGCCAAGAGAAGGACAGT-3′ 
R 5′-GCTCATTGCTCCCATCATAGGTCTTG-3′ 1430 NM_214023 ISU
 
ESR17  Endometrium Estrogen receptor 1, uterus 
F 5′-GCTGGCTACATCATCTCGCT-3′ 
R 5′-TGCAAGGAATGCGATGGAGT-3′ 1788 NM_214220 ISU
 
VEGFA8  Placenta, endometrium Angiogenesis, vascular development 
F 5′-CTGCTGCAACGACGAAGGTCT-3′  
R 5′-CTCCTATGTGCTGGCCTTGGT-3′ 582 NM_214084 IDT 
 Primers and probes sequences used for real-time RT-qPCR, utilizing SYBER Green reporting dye in a 10 µL, one-step reaction. 
1Primers were obtained from Integrated DNA Technologies (IDT, Skokie, IL) or from Iowa State University DNA Facility (ISU, Ames, IA).  
2 Glyceraldehyde 3-phosephate dehydrogenase 
3 Angiopoietin 2 
4 Insulin-like growth factor 2 
5 Nitric oxide synthase 3 
6 Secreted phosphoprotein 1 
7Estrogen receptor 1 
8 Vascular endothelial growth factor A 
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Table 6.2. Characterization of sow reproductive performance at d 44 of gestation after 
supplementation of 1% Arg. 
 Treatments1    
 Control Early-Arg  SEM2 P-value 
Intact uterus weight, kg 5.5 5.0  0.4 0.40 
Empty uterus weight, kg 2.5 2.3  0.2 0.46 
Uterine length3, cm 283.0 309.0  33.1 0.58 
Total CL4 18.2 15.5  1.4 0.20 
Total fetal pigs5 17.2 14.5  1.2 0.13 
Fetal survival6, viable fetus/CL 0.89 0.95  0.06 0.53 
1Control, sows (n = 6) fed base commercial diet for 44d of gestation; Early-Arg, sows (n = 6) fed base commercial diet until d 15 
of gestation, then provided an additional 1% arginine from d 15 to 44 of gestation. 
2 Maximum value of standard error of the mean for all treatments. 
3Uterine length was determined by measuring from tip of left horn to tip of right horn. 
4Total corpora lutea (CL) counted on ovaries.  
5Total fetuses observed at d 44 of gestation. 
6Measure of fetal survival at d 44 of gestation calculated from viable fetal pigs divided by total CL, a proxy for ovulation rate. 
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Figure 6.1. Number of viable fetuses observed at d 44 of gestation in P0 sows supplemented with 1% Arg from d 15 to d 44 of 
gestation. Viable fetuses were determined to be of appropriate size and development of expected fetal offspring at d 44 of gestation. Number of viable fetuses was not different 
across maternal dietary treatment at d 44 of gestation (P = 0.11).  
8
10
12
14
16
18
20
Control Early-Arg
Vi
ab
le
 fe
tu
se
s p
er
 li
tte
r
P = 0.11 
140 
141 
 
Table 6.3. Individual fetus and placental characteristics within litters from P0 sows at d 44 of gestation after supplementation 
with 1% Arg. 
 Treatment    
Parameter Control1 Early-Arg1  SEM P-value 
Fetal Weight, g 17.85 17.54  0.81 0.79 
Placental Weight, g 63.95 69.28  4.60 0.43 
CRL2, mm 68.64 68.11  1.42 0.80 
Placental efficiency3 0.30 0.27  0.02 0.34 
1Control, sows (n = 6) fed base commercial diet for 44d of gestation; Early-Arg, sows (n = 6) fed base commercial diet until d 15 of gestation, then provided an additional 1% arginine 
from d 15 to 44 of gestation. 
2Crown-to-rump length (CRL), as measured at d 44 of gestation.  
3Placental efficiency, estimated as the weight of fetus per weight of respective placenta.  
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Table 6.4. Correlation of uterine environment to fetal survival rate and viable litter size at d 44 of gestation.    
 Intact uterus 
weight, g 
Empty uterus 
weight, g 
No. 
CL 
Uterine 
length, cm 
Fetal 
litter size 
Fetal survival rate, 
fetus/CL 
Viable fetal 
pigs 
Intact uterus 
weight, g 1 0.90
*** 0.43 0.67** 0.78*** 0.11 0.75*** 
Empty uterus 
weight, g  1 0.34 0.23 0.69
** 0.06 0.70** 
Total CL1   1 0.42 0.80*** -0.71*** 0.80*** 
Uterine length2, cm    1 0.51 -0.14 0.44 
Fetal litter size3     1 -0.19 0.99*** 
Fetal survival rate4, 
fetus/CL      1 -0.11 
Viable fetal pigs5       1 
1 Number of corpus lutea (CL) on surface of both ovaries at d 44 of gestation 
2 Length of uterus, from left horn (proximal to ovary) to right horn (proximal to ovary). 
3 Number of individual fetal pigs, viable and non-viable, within the uterus on d 44 of gestation 
4 Fetal survival rate, indicates the fetal litter size divided by the number of CL present on surface of the ovaries  
5 Fetal pigs with apparent indicators of healthy tissue and appropriately developed for stage of gestation 
*P ≤ 0.10, **P ≤ 0.05, ***P ≤ 0.01  
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Figure 6.2. Endometrial gene expression at d 44 of gestation in P0 sows supplemented with 1% Arg from d 15 to 44 of gestation. 
A. Estrogen receptor 1 (ESR1), essential for communication between the conceptus and uterus, was not different control and Arg supplemented gilts at d 44 of gestation. B. Secreted 
phosphoprotein 1 (SPP1), necessary for facilitating attachment of the placenta to the uterus, was not different at d 44 of gestation. C. Angiopoietin 2 (ANGPT2), a marker of 
angiogenesis, was not different at d 44 of gestation. D. Vascular endothelial growth factor (VEGF), involved with facilitating vasculature growth, was also unaffected by Arg 
supplementation at d 44 of gestation.  
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Figure 6.3. Placental gene expression at d 44 of gestation in P0 sows supplemented with 1% Arg d 15 to 44 of gestation. A. Vascular 
endothelial growth factor (VEGF), facilitates vasculature growth, was not different at d 44 of gestation.  B. Angiopoietin 2 (ANGPT2), upregulation of signal indicates angiogenesis, 
was similar at d 44 of gestation. C. Insulin-like growth factor 2 (IGF2), isoform found in placental tissue and associated with increased growth, showed a tendency for increased 
expression in Early-Arg. D. Nitric oxide synthase 3 (NOS3), found in high quantities during vascularization, was similar at d 44 of gestation. 
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Table 6.5. Size and weight of d 1 neonatal offspring and vital organs from litters exposed to maternal supplementation with 1% 
Arg during gestation.   
  Treatment1    
Parameter Control Early-Arg Full-Arg Late-Arg  SEM2 P-value 
Weight, kg 1.37 1.34 1.38 1.30  0.07 0.84 
Heart weight, g 11.17 9.24 9.63 8.86  1.04 0.33 
Liver weight, g 48.60 46.27 48.30 41.06  3.49 0.35 
CRL3, cm 30.7 30.4 31.1 30.4  0.59 0.78 
1 Control (n =13; 0% supplemental arginine); Early-Arg (n = 11; 1% supplemental arginine 15-45d of gestation); Full-Arg (n = 12; 1% supplemental arginine 15d of gestation until 
farrowing); and Late-Arg (n = 12; 1% supplemental arginine 85d of gestation until farrowing). 
2 Maximum value of standard error of the mean for all treatments. 
3 Crown to rump length, as measured at tissue collection.  
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Figure 6.4. Muscle fiber characteristics of d 1 neonatal offspring from sows supplemented with 1% Arg during P0 gestation. 
Maternal dietary treatments contained were as follows: Control (n = 4, 0% supplemental arginine), or one of three supplemental arginine (1% as fed) treatments: from 15-45d of 
gestation (Early-Arg, n = 5); from 15d of gestation until farrowing (Full-Arg, n = 4); and from 85d of gestation until farrowing (Late-Arg, n = 6). A. Fiber area (µm2) was not different 
for Early-Arg, Full-Arg and Late-Arg maternal dietary treatments, as compared to Control. B. Fiber number per mm2 was not different across maternal dietary treatments. Superscripts 
indicate no differences between treatments.  
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Table 6.6. Correlation of muscle fiber characteristics of d 1 neonatal offspring to weight and carcass characteristics of 
matched1 growing pigs. 
Parameters No. fibers, per mm2 
Fiber area, 
µm2 WW, kg 30, kg 60, kg 100, kg HCW, kg 
Fat depth, 
mm 
Loin 
depth, mm 
No. fibers1, per 
mm2 1 -0.86
*** -0.23** -0.12 0.13 0.16 0.17* 0.28*** 0.15 
Fiber area2, 
µm2  1 0.26
*** 0.14 -0.04 -0.17* -0.14 -0.26*** -0.15 
WW3, kg   1 0.54*** 0.11 0.10 0.18* -0.15 0.04 
304, kg    1 0.80*** 0.77*** 0.83*** 0.19* 0.52*** 
605, kg     1 0.81*** 0.84*** 0.35*** 0.50*** 
1006, kg      1 0.95*** 0.49*** 0.39*** 
HCW7, kg       1 0.50*** 0.51*** 
Fat depth8, mm        1 0.26*** 
Loin depth9, 
mm         1 
1 Neonatal offspring were matched by treatment, gender, birth weight (kg), and total born litter size with offspring that were selected to follow to market, which were used to 
approximate growth performance of neonatal offspring.  
2 Number of muscle fibers measured in semitendinosus muscle. Fiber count collected from 0.034 mm2 of muscle area. 
3 Area of muscle fibers was measured using ImageJ software. 
4 Weight of matched offspring at weaning. 
5 Weight of matched offspring when the predicted average weight of the group was 30 kg, representing rapid lean growth.  
6 Weight of matched offspring when the predicted average weight of the group was 60 kg, representing peak lean growth. 
7 Weight of matched offspring when the predicted average weight of the group was 30 kg, representing adipose accumulation. 
8 Hot carcass weight, collected at harvest. 
9 Measured at the 10th rib, collected at harvest. 
* P ≤ 0.10; ** P ≤ 0.05; *** P ≤ 0.01 
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Table 6.7. Correlation of muscle fiber characteristics of d 1 neonatal offspring to growth performance of matched1 pigs. 
 
 No. fibers, 
per mm2 
Fiber area, 
µm2 
Pre-wean 
ADG, 
kg/d 
30 kg ADG, 
kg/d 
60 kg, 
kg/d 
100 kg ADG, 
kg/d 
Birth to 100 
kg ADG, 
kg/d 
No. fibers2, per mm2 1 -0.86*** -0.25*** -0.05 0.29*** 0.08 0.20** 
Fiber area3, µm2  1 0.24** 0.05 -0.16 -0.22** -0.21** 
Pre-wean4 ADG, kg/d   1 0.19* -0.39*** 0.00 -0.08 
30 kg5 ADG, kg/d    1 0.36*** 0.25** 0.80*** 
60 kg6 ADG, kg/d     1 -0.26*** 0.50*** 
100 kg7 ADG, kg/d      1 0.59*** 
Birth to 100 kg8 ADG, 
kg/d       1 
1 Neonatal offspring were matched by treatment, gender, birth weight (kg), and total born litter size with offspring that were selected to follow to market, which were used to 
approximate growth performance of neonatal offspring.  
2 Number of muscle fibers measured in semitendinosus muscle. Fiber count collected from 0.034 mm2 of muscle area. 
3 Area of muscle fibers was measured using ImageJ software. 
4 Average daily gain of matched offspring at from birth to weaning. 
5 Average daily gain of matched offspring from weaning to predicted average weight of the group was 30 kg, representing rapid lean growth.  
6 Average daily gain of matched offspring from 30 kg to predicted average weight of the group was 60 kg, representing peak lean growth. 
7 Average daily gain of matched offspring from 60 kg to predicted average weight of the group was 100 kg, representing adipose accumulation. 
8 Average daily gain of matched offspring from birth to 100 kg, representing overall average growth performance.  
* P ≤ 0.10; ** P ≤ 0.05; *** P ≤ 0.01. 
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CHAPTER 7.    SUMMARY AND CONCLUSIONS 
 Success in commercial pig production requires efficient performance of pigs at every stage 
of growth. Increased prolificacy of sows has improved reproductive efficiency, however with an 
increased risk of intra-uterine growth restriction (IUGR) for pigs within the litter. Pigs that 
experience IUGR are associated with decreased birth weight, hindered growth performance, 
reduced survivability, and decreased carcass quality (Tuchscherer et al., 2000; Foxcroft et al., 
2006; Muns et al., 2016; Putz et al., 2015). Protein synthesis in IUGR offspring is decreased, 
resulting in reduced fetal protein accretion, particularly during late gestation when protein 
accretion is at its highest due to muscle hypertrophy (Regnault et al., 2005; Yates et al., 2014). 
Arginine (Arg) has been implicated as beneficial to development of placental and fetal tissues, 
possibly serving as a maternal dietary aid for gestating litters at risk of IUGR. However, the 
benefits of supplemental Arg under commercial production conditions remain unclear. Therefore, 
the objectives of this dissertation were to evaluate the effect of maternal Arg supplementation 
during gestation on gilt reproductive performance and offspring performance in a commercial 
swine production system. Additionally, analyses on litter characteristics and fetal development 
were performed to understand the role of litter size and gestational diet on post-weaning pig 
performance under commercial production conditions.  
In this dissertation the impact of maternal supplementation with Arg on reproduction 
performance was minimal. While individual birth weight was increased by 40 g when Arg was 
supplemented prior to d 45 of gestation, litter size was not improved by additional Arg in the 
gestation diet at any evaluated point in gestation. Rather, supplementation of Arg increased the 
percentage of litters with an average litter size of 12 to 16 total born (TB). At an average litter size 
of 14.3 TB for all dietary treatments, experimental litter sizes were slightly higher than the current 
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estimated industry average of 13.7 TB (Stalder, 2016), suggesting that litters in the current 
experiment likely experienced IUGR at a similar rate observed across production systems in the 
industry. Additionally, Arg supplementation did not improve sow performance to P3 when sows 
often become profitable (Stalder et al., 2003). Without improving longevity or birth weight and 
litter size, there appears to be little benefit for producers to pursue Arg supplementation as a 
strategy to improve first parity sow performance in commercial production systems.  
Despite Arg not improving reproductive performance, a tendency for increased pre-wean 
growth and wean weight of offspring was observed when Arg was added to the maternal diet after 
d 85 of gestation, supporting the hypothesis that Arg would influence offspring growth and 
performance. However, improvements to wean weight did not improve finishing phase growth or 
carcass characteristics, suggesting that benefits of Arg on offspring growth may be limited to pre-
wean phase of production and may be the result of improved lactation performance. Supporting 
this idea is research demonstrating that providing additional Arg during late gestation has been 
shown to improve milk quality (Krogh et al., 2016) and weight gain of suckling pigs (Zhu et al., 
2017). During gestation, mammary development of dams occurs via alveolar bud proliferation, 
with rapid proliferation beginning around d 90 of gestation (Sørensen et al., 2002). Due to the 
contribution of Arg to cellular proliferative and vascular processes, supplemental Arg may benefit 
mammary development during late gestation. Additionally, mortality rates evaluated in this study 
tended to decrease during the finishing stage of growth when Arg was supplemented after d 85 of 
gestation. Little research is available on the impact of milk on finishing mortality. Of those 
available, most look at the effect of length (Cabrera et al., 2010) and weaning weight (Larriestra 
et al., 2006), and each study providing inconsistent results in relation to mortality. This tendency 
may indicate a post-weaning benefit of Arg through milk production. However, any effect of Arg 
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on mammary development and milk quantity or quality was not assessed in the present work and 
more study is needed to understand the long-term influence of lactation on offspring mortality 
rates. In the absence of continued increases to growth performance post-weaning or carcass 
quality, addition of Arg to gestation diets in commercial production systems will likely not provide 
measurable benefits across the average population performance.  
It is generally accepted that increases in birth or wean weight lead to improved weight gain 
later in life (Peterson and Ellis, 2008; Fix et al., 2010). Maternal supplementation of Arg during 
gestation in the current study did not increase birth weight or litter size, however it was observed 
to increase the percentage of litters classified as average (12 to 16 TB). To better understand 
influencing factors of offspring growth, individual offspring performance was evaluated by birth 
weight class (BWC) and litter size class (LSC), independent of maternal diet during gestation. This 
evaluation supports the current scientific consensus that birth weight is predictive of overall growth 
capacity (Hegarty and Allen, 1978; Peterson and Ellis, 2008; Fix et al., 2010). It is interesting, 
however, that litter size in the current work did not have a similar lasting impact on offspring 
growth, as birth weight, wean weight, and pre-wean ADG were observed to decrease in piglets 
from the larger LSC; yet this did not persist in post-weaning growth performance. Additionally, 
small pigs (< 1 kg BWC) were observed across LSC. These findings regarding litter size suggest 
that birth weight pigs may be a product of more than just reduced space in utero.  
Most available research evaluating the effect of IUGR on growth performance in pigs 
utilize only birth weight as an indicator of poor growth in highly prolific litters. Comparison of 
BWC within LSC in this dissertation may provide support for the idea that IUGR pigs can be found 
in litters of all sizes, suggesting that IUGR is a result of disturbances in physiology beyond only 
reduced birth weight due to uterine crowding. Pigs that experience IUGR may be a sub-population 
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of pigs that are small for gestation age (SGA), expressing disproportionally reduced capacity to 
thrive as compared to cohorts (Wootton et al., 1983; Rutherford et al., 2013). Further, when 
morphological differences were utilized to separate growth performance in small birth weight pigs, 
such as head shape, body mass index and abdominal circumference, these physical attributes were 
associated with greater predictability of postnatal growth (Douglas et al., 2013). If IUGR pigs are 
a sub-population, then reducing litter size may only reduce the total number of small pigs but won’t 
remove the incidence of IUGR pigs all together. Based on this, it may be prudent for producers to 
re-evaluate management of small birth weight pigs to maximize performance of offspring from all 
litters.  
Fetal development during gestation can maximize or reduce growth potential over the life 
of the offspring. Placental and muscle development influence overall growth capacity of offspring. 
To understand developmental aspects of offspring growth, the final chapter of this dissertation 
investigated the effect of maternal supplementation with Arg during gestation on development of 
reproductive tissues and litter characteristics at d 44 of gestation and neonatal muscle development.  
In early gestation, development of the placenta and endometrial attachment establish 
signaling and nutrient transfer between maternal and placental tissues. By d 30 of gestation, the 
placenta has completed its initial expansion and maximized available surface attachment for this 
stage in gestation (Knight et al., 1977). Litter characteristics, such as placental efficiency and fetal 
survival by d 44 of gestation would likely indicate superior placental attachment and nutrient 
transfer. In Experiment 1 of Chapter 6, no difference in placental efficiency or fetal survival 
between gestational dietary treatments was observed at d 44 of gestation. Further, no differences 
were observed in d 44 transcript abundance of angiogenic and attachment factors in placental and 
endometrial tissues of median weight fetal pigs. The similarities observed suggest that maternal 
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supplementation of Arg during early gestation (d 15 to 44) does not benefit fetal, placental or 
endometrial development of angiogenic or attachment factors in comparison to the control diets 
used in this study.  
Arginine has also been indicated to influence muscle development (Bérard and Bee, 2010; 
Garbossa et al., 2015). Establishment of the primary fiber scaffold during early gestation, whereas 
the proliferation and hypertrophy of secondary fibers are subject to established conditions from 
placental and primary fiber development. Inadequate development of the placenta also reduces 
development of skeletal muscle across species (Brown and Hay, 2016). In Experiment 2 of Chapter 
6, evaluation of total muscle fiber number and individual fiber size failed to identify differences 
in total muscle fiber number or muscle fiber size due to Arg supplementation compared to control 
diet. Research conducted on semitendinosus muscle (ST) previously indicated contrasting 
differences with Arg supplementation. When fetal muscle was evaluated at d 75 of gestation, 
Bѐrard and Bee (2010) found that muscle fiber number was increased in fetuses from Arg treatment 
group, with no differences observed in fiber size. However, Garbossa et al. (2015) indicated that 
Arg supplementation increased muscle fiber area and decreased muscle fiber number. By 
comparison, this study supplied additional Arg targeting primary (Arg supplementation d 15-45 of 
gestation) or secondary muscle development (Arg supplementation d 85 of gestation through 
farrowing) and both (Arg supplementation d 15 of gestation through farrowing), whereas the 
previous work supplemented Arg during gestation prior to or for the duration of primary fiber 
development. Based on the findings of these three projects, the influence of Arg on muscle 
development can be considered inconclusive at best and could be largely dependent on the Arg 
content of the control diet for which the comparisons are made. It should be noted that neonatal 
muscle development within the current study and by Garbossa et al. (2015) was evaluated utilizing 
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median or average birth weight pigs, while no interaction of d 75 fetal weight and supplemental 
Arg were observed by Bѐrard and Bee (2010).  
In this study, P0 gilts were provided with an average of 25 g/d over the course of gestation. 
The amount of supplemental Arg provided to gestating sows in previous work has ranged from 8 
to 28 g/d. Significant improvements to litter size were observed when Arg was supplemented at 8, 
16, 16.6, and 21.7 g/sow/d (Mateo et al., 2007; Bѐrard and Bee, 2010; Li et al., 2011; Gao et al., 
2012). Based on these differences in timing and quantity of Arg supplementation, it is difficult to 
make precise comparisons to the current work. It can be said that an addition of 25 g/sow/d is 
likely not detrimentally excessive, as increases in litter size or birth weight have been observed 
with Arg at 25 g/sow/d, even though the response was not statistically significant. Studies reporting 
success of Arg supplementation at less than 25 g/sow/d were commonly in comparison to 
isonitrogenous controls, which received an additional 1.7% alanine (Ala) to create similar CP 
levels between the two diets (Mateo 2007). Additionally, lower amount of Arg supplementation 
were tested against diets with minimized levels of total Arg (%). This, taken collectively with the 
current research, may indicate that Arg can be beneficial to sow, but not necessarily directly to the 
developing litter.  
Overall, these data indicate that Arg supplementation during gestation provides little 
impact on commercial production, particularly in terms of reproductive performance and litter size.  
Increases in pre-wean gain and wean weight were observed with late supplementation of Arg, 
however these improvements did not persist in offspring growth performance to market. Further, 
a tendency for decreased mortality was observed with late supplementation of Arg, repeatability 
of this observation should be evaluated. These data fill in gaps in previous research, providing 
direct comparisons between Arg supplementation during various stages of gestation, with high 
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observation numbers, and highly prolific, relevant genetics under commercial conditions. Outside 
of litter size, these data show that Arg supplementation influenced pre-wean growth performance 
of offspring when supplemented late in gestation. This influence of Arg may be limited to the 
lactation phase of growth, as no improvements to tissue development of median pigs was observed 
and pre-wean growth improvements did not persist past weaning. These data collectively indicate 
that Arg supplementation may be more beneficial to sow mammary tissue development and 
function rather than directly to offspring development.  
Additionally, analysis of litter characteristics found that while birth weight does influence 
long term offspring performance, the effect of litter size is limited past weaning. Increased litter 
sizes of highly prolific sows have been associated with increased mortality of offspring and 
sometimes questioned if swine production systems are aided by having increased litter sizes. 
Recently, selection for increased uterine capacity and increased number of born alive pigs were 
observed to be associated with increased longevity and performance of sows (Freking et al., 2016; 
Gruhot et al., 2017); indicating that improved litter sizes are not outside of the capacity of sow 
performance and should continue to be pursued by producers.  
 
Future Implications 
Improving swine production systems requires increased efficiency of both sow and 
growing pig performance. The changing needs of the fetus and sow during gestation should be 
investigated to gain a better understanding of dietary needs during gestation. Current feeding 
programs for finishing pigs are designed to change with increasing age and growth stages of the 
pig, however sow feeding programs remain limited to one dietary program for the duration of 
gestation despite dynamic changes occurring during embryonic and fetal development. While 
supplementation of single AAs such as Arg during fetal may not directly benefit development of 
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ensuing offspring, improvements to sow tissue development, such as mammary development that 
improves lactation, can be beneficial to offspring performance. In addition, continued work to 
understand the impact of maternal diet and litter size on piglet birth weight and incidence of IUGR 
will help guide producers to improve management and efficiency at all stages of production.  
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